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Acid Sulfate 
Soils 
The common name given to naturally occurring sediments and 
soils containing iron sulfides (principally iron sulfide or iron 
disulfide or their precursors). The exposure of the sulfide in these 
soils to oxygen by drainage or excavation leads to the generation 
of sulfuric acid. 
Ad hoc For this purpose, without consideration of wider application. Can 
also refer to an improvised and often impromptu event or 
solution. 
AHD or 
Australian 
Height Datum 
A common national place of level corresponding approximately to 
mean sea level. 
Anthropogenic Caused by human activity. 
Aquaculture The commercial cultivation of aquatic animals or marine 
vegetation for the purpose of harvesting the animals or marine 
vegetation, or their progeny for sale, or the keeping of animals or 
marine vegetation in a confined area for commercial purposes. 
Biomass The total mass of organisms comprising all or part of a population 
or other specified group or within a given area; measured as 
mass. 
Biodiversity The variety of life, its composition, structure and function, at a 
range of scales.  
Biosecurity The system for the prevention, eradication and management of 
the risks posed by pests and diseases to the economy, the 
environment and human health. 
Biosecurity 
protocol 
A precise and detailed plan for the management of a biosecurity 
problem. 
Broodstock A parent shellfish. 
Catchment 
Area 
A drainage area, for example a reservoir, river or estuary 
(includes subject water body as well). 
Carrying 
Capacity 
The maximum biomass (weight) of shellfish that an area can 
support and remain commercially viable. 
Classified area An area classified under the NSW Shellfish Program. 
Coefficient of 
variation 
A statistical measure of the variability exhibited within a set of 
values. It expresses the standard deviation as a percentage of the 
mean; the higher the CV, the greater the variability. 
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Correlation Correlation is a statistical measure of how much two parameters 
are related. The range of possible correlations is between -1 and 
+1. A result of -1 means a perfect negative correlation, +1 means 
a perfect positive correlation, and 0 means no correlation at all. 
Culling The division by hand of clumps of oysters into single oysters or 
the removal by hand of unwanted marine organisms which attach 
to oyster crops. 
Catching The collection of wild juvenile shellfish spat – settled onto 
‘catching’ sticks or plastic slats. 
Depoting The practice of using blocks of catching sticks bound together. 
The protection of the block enables oysters to grow to a size that 
can withstand predation by fish, prior to separation into a single 
layer of sticks. 
Depuration 
 
A statutory process that requires oysters to be placed in a 
recirculation tank for 36 hours. During this process oysters self 
cleanse in recirculation water, which is sterilised using ultraviolet 
light. 
Dioxins The generic term for a group of environmentally persistent toxic 
chemicals that may be formed as a result of incomplete 
combustion (as may occur in incineration of compounds 
containing chlorine). 
Dissolved 
organic carbon 
DOC = the major form of organic matter transported by rivers and 
represents an important movement of carbon from terrestrial to 
coastal systems. 
Dredge Bed An area leased for the harvest of oysters directly from the bed 
sediments. No oyster farming infrastructure is placed on oyster 
dredge bed leases. 
Ecosystem The complex of a community of organisms and its environment 
functioning as an ecological unit, e.g. an estuary. 
Ecosystem 
services 
The conditions and processes through which natural ecosystems, 
and the species that make them up, sustain and fulfil human life. 
Epidemiology The branch of veterinary science that deals with the study of the 
causes, distribution and control of disease in populations. 
Epizootic An outbreak (epidemic) of disease in an animal population. 
Denoting a temporal pattern of disease occurrence in an animal 
population in which the disease occurs with a frequency clearly in 
excess of the expected frequency in that population during a 
given time interval. 
Estuarine 
 
Of, pertaining to or formed in an estuary (brackish water). Also 
relates to those soil materials, which have been under the 
influence of brackish water during their deposition.  
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Eutrophication Over-enrichment of a water body with nutrients, resulting in 
excessive growth of organisms and depletion of oxygen 
concentration. 
Eustatic sea 
level change 
Pertaining to worldwide sea level changes that affect all the 
oceans. Caused by major subtraction or addition of water as it 
becomes locked into major ice bodies during glacial periods and 
subsequently released during warmer melting phases. 
Faecal coliform The portion of the coliform bacteria group which is present in the 
intestinal tracts and faeces of warm-blooded animals. E. coli is 
one such bacteria. 
Faecal pollution  
indicator 
Bacteria whose presence is used to infer contamination by faeces. 
The problem with indicator organisms is that the ‘infected’ or 
‘diseased’ state (i.e. the underlying outcome of interest) is 
vaguely defined. 
Fish  As defined in Fisheries Management Act 1994.  
Fish Habitat Includes land, waters and plants associated with the life cycle of 
fish, and includes land and waters not presently occupied by 
Fisheries resources. 
Floating 
Cultivation 
Subtidal cultivation of oysters, on sticks or in baskets suspended 
from tethered, low buoyancy systems that may include lines and / 
or polyethylene floats. 
Genetic 
selection 
Saving certain genotypes and removing others. 
Genotype The genetic make-up, as distinguished from the physical 
appearance, of an organism or a group of organisms. 
Geometric 
mean 
A mean of n objects that is computed by taking the n th root of 
the product of the n terms. 
Heavy metals Metallic chemicals like cadmium, arsenic, copper and zinc that 
can be harmful pollutants when they enter soil and water. Once 
in the environment, heavy metals are almost impossible to get rid 
of because they do not decompose. 
Histology Microscopic study of tissue. 
Histopathology  A diagnostic procedure which shows changes in (animal / fish) 
tissue through a tissue cross-section and microscopic appraisal. 
Hypothesis A proposal intended to explain certain facts or observations; 
states an assumption on which any further reasoning is based. 
Hysteresis Occurs when the response of an estuary (e.g. algal blooms) as a 
driving variable (e.g. nutrients) intensifies and is different from 
the trajectory as the driving variable subsides. Nutrient loads 
need to be reduced to levels much less than those that resulted in 
the bloom.   
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Indigenous 
Species  
A species native to a particular region or country at the time of 
first British colonisation. 
Introduced 
Species 
A species introduced into an area where it does not naturally 
occur. 
Kappa A measure of the agreement beyond chance between two 
different diagnostic test results divided by the maximum chance 
agreement. No agreement beyond chance gives a kappa of 0 and 
a perfect agreement is 1. A moderate level of agreement is 
considered when kappa is greater than 0.5. 
Keystone 
species 
A role occupied by a single species: the presence of that role 
being critical to a community. 
Model A hypothetical description of a complex entity or process. 
Morphology The study of the form or shape of an organism. 
Nekton All aquatic animals that can swim through the water against 
currents: fish, squid and some crustaceans. 
Noroviruses A group of related viruses, including Norwalk and Norwalk-like 
viruses, that can cause stomach pain, diarrhoea and vomiting in 
humans. 
Noxious fish A fish declared to be noxious under the Fisheries Management 
Act 1994 and the Fisheries Management (General) Regulation 
2002.  
Oxidize the process of reacting with oxygen 
Oyster Lease 
 
An area of submerged Crown land that is leased for the purpose 
of oyster aquaculture.  
Oyster 
Aquaculture 
Land Base Site 
An area of non-submerged Crown land that is leased for the 
purpose of supporting oyster aquaculture. 
 
Pathogen An infectious agent capable of causing disease. 
Percentile One of a set of points on a scale arrived at by dividing a group 
into parts in order of magnitude. For example, a score equal to or 
greater than 90 per cent of those attained in a data set for a 
water quality parameter is said to be in the 90th percentile. 
pH 
 
A measure of acidity or alkalinity of a substance. A pH of 7.0 
denotes neutrality, higher values indicate increasing alkalinity, 
and lower values indicate increasing acidity. 
Phytoplankton Microscopic single-celled plants that drift in ocean currents. 
Policy A line of argument or plan of action rationalising the course of 
action of a government. 
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Post supported 
intertidal 
cultivation 
A series of parallel vertical posts that support horizontal rails or 
lines on which oyster sticks, trays and / or baskets are placed so 
the oysters are submerged for varying periods of the tidal cycle. 
Progradation Building forward (advancement) in a seaward direction of a 
shoreline or coastline.  
Pseudo faeces Rejected filtered material bound in mucus and expelled as waste 
from shellfish. 
Pyrite Pale-bronze or brass-yellow, isometric mineral: FeS2; the most 
widespread and abundant of the sulfide minerals.  
Quarantine 
 
a) The holding of aquatic animals or plants in a facility which 
ensures retention and destruction of said animals as well as any 
organisms associated with them. 
b) Disease management procedures including quarantine (sense 
1) and certification (Australia).  
Raft  Subtidal cultivation of oysters in trays or baskets suspended from 
a permanently anchored, rigid, high buoyancy structure. 
Riparian Relating to or living or located on the bank of a natural 
watercourse. 
Risk Analysis Systematic use of available information to determine how often 
specified events may occur and the magnitude of their likely 
consequences. Collectively refers to risk assessment, risk 
management and risk communication. 
Salinity  
 
The measure of salt concentration of water in ponds, tanks or 
hatchery expressed in part per thousand or ppt. 
Sensitivity The proportion of true positives (contaminate, infected or 
diseased individuals or items) that yield a positive test. 
SEPP State Environmental Planning Policy as an instrument pertaining 
to issues of State Environmental Planning significance made 
under section 39 of the Environmental Planning and Assessment 
Act 1979.  
Seston Suspended particulate matter in water. 
Siltation The deposition of silt or sand in the estuarine environment.  
Single seed An individual unattached oyster that is grown from small spat 
produced by removing wild oysters at a very early age from 
plastic collectors or produced as single oysters in a shellfish 
hatchery. 
Spat  Small juvenile oysters. 
Specificity The proportion of true negatives that actually test negative (or 1 
– false positive proportion). 
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Standard 
deviation 
The square-root of the average of the squares of deviations about 
the mean of a set of data and is a statistical measure of spread or 
variability. 
Standard error The standard deviation (positive square-root of the variation) of 
the errors associated with physical measurements of an unknown 
quantity. 
Stick cultivation Growing out wild caught oysters on the sticks they are caught on. 
Suitable method for areas subject to significant wave action. 
‘Stick oysters’ may be removed from sticks and fattened on trays 
prior to harvest. 
Stocking 
density  
Number of animals per given area. 
Strategic Refers to looking at the ‘big picture’ and long-term goals. 
Reacting to a short-term problem without changing overall goals 
is usually tactical, not strategic. 
Tidal land Includes reefs shoals and other land permanently or periodically 
submerged by waters subject to tidal influence. 
Translocation As the assisted movement of species or strains or stock outside 
their native range. 
Tray cultivation  Growing out single-seed oysters on trays. Suitable method for 
sheltered areas. Often used for the final stage of growth prior to 
harvest. 
Triploid The manipulation of chromosome sets to produce oysters with 
three sets of chromosomes instead of normal two. 
Virus Ultramicroscopic infectious agent that replicates itself only within 
cells of living hosts. 
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ABSTRACT 
 
 
Estuaries are the ‘door mat’ of human activity on land. They are also highly valued by 
the community. The New South Wales (NSW) oyster industry is Australia’s oldest 
farming enterprise, dating back to the pre-European settlement era and as a 
consequence has social and cultural significance. Oyster farmers have developed 
generations of understanding and professional and intimate observation of the 
subtleties and frailties of NSW estuaries, cultivating their shells on a daily basis. The 
key motivation for this study is that the NSW oyster industry is a risk indicator of 
sustainable coastal catchment policy and practice. The studies are based on the 
overarching hypothesis that the economic, social, cultural, human health and 
environmental sustainability objectives of the NSW oyster industry require a 
historically- and scientifically-based risk analysis framework for selecting, managing 
and cultivating oyster farming areas. A review identified that it was vulnerable because 
of the lack of protection and planning for oyster growing areas. The aim of this thesis is 
to demonstrate that policies based on a risk analysis framework optimise outcomes for 
strategic management of the NSW oyster industry where risk is defined in terms of the 
effect of uncertainties on the industry’s economic, social, cultural, human health and 
environmental sustainability objectives. 
 
The results demonstrate that a risk-based framework is effective in developing policy 
in strategic management of the NSW oyster industry and reducing uncertainty for the 
industry’s economic, social, cultural, human health and environmental sustainability 
objectives. New approaches to improving profitability and durability and reducing risk 
to the NSW oyster industry objectives have been implemented as policy outcomes and 
industry practices as a result of this approach. Research and governance issues and the 
establishment of a management framework that fosters strategic policy development 
based on sound science using risk analysis and priority setting are all important steps 
on the ladder of estuarine ecosystem conservation and recovery. The policy outcomes 
that have been implemented in NSW as a result of a risk-based strategic approach are 
practical, tactical and goal oriented with the oyster industry recognised up-front in 
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land use planning to address the consequences of potential impacts from ongoing 
rapid coastal urbanisation. A key element is the NSW Oyster Industry Sustainable 
Aquaculture Strategy. 
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CHAPTER 1 – INTRODUCTION 
 
1.1   Oysters – A Global Perspective 
The first bivalve molluscs appeared in the sea during the Cambrian period about 620 
million years ago. They are in some ways the most highly modified of all the molluscs 
with the two gills enormously enlarged as feeding organs that function as one of the 
most efficient systems of ciliary feeding in the Animal Kingdom (Gosling, 2003). Oysters 
are primarily plankton feeders, circulating the surrounding water through an elaborate 
filtering system and retaining and ingesting particles of organic material, including 
phytoplankton, suspended and transported in the water column (Matthiessen, 2001). 
This system has demonstrated its evolutionary success; an oyster of 200 million years 
ago would be perfectly familiar if served in a restaurant today (Yonge, 1960). Oysters 
have reached their greatest natural abundance in shallow coastal waters and estuaries 
where phytoplankton is consumed from tidal waters sweeping over beds of oysters 
(Dame, 1996).  
 
The majority of oysters cultured for human consumption are members of two genera 
in the family Ostreidae: Crassostrea (Sacco); and Ostrea (Linne). Members of the genus 
Crassostrea account for the great majority of the oysters produced worldwide 
(Matthiessen, 2001). Both the Sydney rock oyster, Saccostrea glomerata (Gould) 1 and 
the Pacific oyster, Crassostrea gigas (Thunberg), belong to a group of oysters known as 
‘cupped oysters’, while the native flat oyster (Ostrea angasi) belongs to the ‘flat oyster’ 
group. Globally, the vast majority of oysters harvested for human consumption are 
‘cupped oysters’. This is a recent trend and has been driven largely by the translocation 
and cultivation of the fast growing Pacific oyster. Although pearl oysters of the genus 
Pinctada, a member of the family Pteriidae, are cultured, they are less commonly 
consumed. Members of the Pteriidae family are characteristically byssate throughout 
life and in this respect are more closely related to the mussel, attaching to the 
substrate by means of byssal threads (Butler, 1998). 
 
                                            
1  Formerly Saccostrea commercialis (Lamprell and Healy, 1998). 
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Since the early 1980s the world oyster harvest has nearly tripled owing primarily to the 
enormous increase in production in China (Matthiessen, 2001). In 2000, the total world 
production of farmed oysters amounted to 4.011 million tonnes (FAO, 2002). This 
increase has been dominated by the  C. gigas, representing 98 per cent of world 
culture production in 20012, while production of once prominent species such as the 
eastern oyster, Crassostrea virginica (Gmelin); European flat oyster, Ostrea edulis 
(Linnaeus) and Portuguese oyster (Crassostrea angulata) have declined due to disease 
and environmental degradation (Matthiessen, 2001). In 1997, five countries accounted 
for more than 95 per cent of total world production: China 71 per cent; Japan 7 per 
cent; Korea 7 per cent; United States 6 per cent; and France 5 per cent (Matthiessen, 
2001).  S. glomerata production in 2001 was approximately 5,142 tonnes, equivalent 
to 0.15 per cent of world oyster production (ABARE, 2004). 
 
1.2   The Oyster Fishery and Aquaculture in Australia 
Estuaries typically undergo more rapid and dramatic environmental change than any 
other ecosystem as a result of geological processes due to ongoing sea level variation 
and infilling from land erosion (Townend, 2002). Oysters3 are remarkably resilient and, 
in spite of these changes, have long remained a dominant component of the ecology of 
east coast Australian estuaries and the major fishery for tens of thousands of years. 
Naturally occurring oyster reefs have suffered massive declines since European 
colonisation in 1788 due to overfishing, translocation of pests and diseases, 
environmental degradation and a demand driven approach to fisheries management.  
 
1.2.1   Regional Context 
The NSW oyster industry is currently the major state fishery, with over 3,100 hectares 
of leases in 38 estuaries along the entire coast (Figure 1). Until 1990, the only species 
that was cultured was the native  S. glomerata and  accounts for almost  90 per cent of 
the State’s production (NSW DPI, 2009). The NSW oyster industry produced $43.3 
million of  S. glomerata and C. gigas in 2008/2009. This production occurs in estuaries 
                                            
2  It is noted that oyster production in China is probably comprised of at least two species (Yu et al., 
2003) that have been lumped together as  C. gigas  for reporting, thus inflating  C. gigas  contribution 
to world production (Chew, 2001). 
3  ‘Oysters’ are used as a general term for estuarine bivalves in this thesis and include native Sydney 
Rock, Flat and Pearl oysters as well as non-native Pacific oysters. 
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throughout the 1,380 km of NSW coastline and engages approximately 403 full time 
and 265 part time employees. Indigenous Australians occupy approximately 9 per cent 
of positions in this industry (NSW DPI, 2004). The total capital investment in the 
industry is estimated at $268 million (White, 2001). Oyster leases were first granted in 
NSW in 1884 and since then suitable lease areas have been identified in estuaries, 
mostly through industry trial and error. 
 
Figure 1.  Oyster growing estuaries in NSW in 2006 
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The current lease areas have been in place for at least several decades. The oyster 
industry is an important contributor to local employment and wealth generation by 
many small regional coastal economies and provides an important cultural and 
symbolic link to NSW estuaries. This is particularly true in smaller communities in 
which oystermen / fishermen have traditionally been dominant. In the current context 
of the NSW coastal economy, the NSW oyster industry is not a big industry. Emerging 
opportunities in international markets, technological advances and diversification 
provide considerable scope for increasing the economic significance of the oyster 
industry. 
 
1.2.2   The Oyster as an Environmental Sentinel 
The key motivation for this study is that the NSW oyster industry is a risk indicator of 
sustainable coastal catchment policy and practice (Ogburn, 1999). During the life of an 
average oyster it will filter an estimated 0.5 to 1 ML of estuarine water (White, 2001). 
Because oysters are sessile as adults and pump water through their bodies, impacts of 
adverse water quality on oysters and presents an almost immediate gauge of river 
health. Oyster farmers undertake close surveillance of their crops on their leases and 
often have multi-generational knowledge of lease areas and how they perform. Unlike 
capture fisheries that move on if there are no fish about, oyster farmers know if 
something is wrong on the river. Consequently, they are in a unique position to 
provide a cost-effective and robust monitor of estuary water quality. They also have a 
direct stake in guarding the estuary from development that adversely affects water 
quality and consequently the sharp end outcomes of sustainable coastal policy and 
practice. 
 
1.3   Suburbanisation of NSW Estuaries 
Estuaries are uniquely productive, valuable and fragile environments. The prodigious 
oyster populations in NSW estuaries over the millennia, particularly as evidenced in 
Aboriginal middens, exemplify this. Estuaries are also a focal point for a wide range of 
other human activities of increasing social and economic importance because they are 
uniquely attractive and desirable places to live, work and play. Widespread coastal 
suburbanisation is a relatively recent, worldwide phenomenon that differs dramatically 
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from past periods of resource use and, more recently, industrialisation (Vernberg and 
Vernberg, 2001).  
 
The total land area of NSW is 801,600 km2, equivalent to approximately one-tenth of 
Australia's total landmass. Most of the NSW population is located in the coastal 
statistical divisions of Sydney, Hunter, Illawarra, Richmond-Tweed, Mid North Coast 
and South Eastern. Together these divisions account for 88 per cent of the State's 
population, but only 14.7 per cent of its area. The three major coastal divisions – 
Sydney, Newcastle and Wollongong contain approximately 75 per cent of the NSW 
human population but comprise only 2.2 per cent of its area. The population of NSW is 
projected to grow to 7.6 million by 2026 and coastal regions outside Sydney will 
become home to 26 per cent (1.976 million people) of the State's population (NSW 
SoE, 2003). Using these projections, the calculated coastal population density outside 
the Sydney-Newcastle-Wollongong areas will be approximately 19.7 persons km-2 by 
2026. By contrast, the projected population density on the American east coast, 
including major urban centres, will be 127 persons km-2 by 2015 (USDC, 2001). In the 
catchment of Puget Sound, the major oyster producing area in north-west America, 
the region’s population continues to grow steadily at about 20 per cent each decade. 
Much of the fastest growth is occurring in the Sound’s rural, shellfish-rich counties 
where the population density is approximately 213 persons km-2 (Glasoe and Christy, 
2004; Pacific Science Center, 2000). 
 
Although these figures may provide a comforting comparison by underlining the huge 
population pressures in many North American catchments, it does not give us reason 
for inaction in NSW. Until recently, the NSW human population was centred in the 
three main cities of Sydney, Newcastle and Wollongong. Suburbanisation has spread 
rapidly along the NSW coast. Consequently, the ecological and social impact of 
development on other NSW estuaries is increasingly significant. Research in America 
has shown that landscape amenity was the best predictor of rural area population 
change (McGranahan, 1999). In landscapes with few amenity characteristics, 
agriculture remained the dominant economic activity and population decline was the 
norm. Conversely, in regions with significant amenity, populations increase. Such 
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patterns of population change are exemplified on the NSW north coast. Demographic 
studies indicate that the population is set to rise 30 per cent by 2030 in this region 
(HRC, 2003).  
 
Amenity pressures are likely to increase over the next 20 years as a result of these 
changing demographic and cultural characteristics that will amplify the impact of the 
shifting rural-urban population balance (Barr, 2003). Gale (1991) described patterns of 
economic activity in coastal communities as stages in the gentrification of America’s 
coasts and documented impacts of the ‘growth machine’4 coupled with gentrification 
on commercial fisheries. As a consequence of similar demographic changes on the 
NSW coast, this ‘gentrifugal force’ is likely to increase opposition to any expansion of 
shellfish farming. This is in part due to the potential conflicts with the tourism industry, 
estuary amenity and coastal suburbanisation and growing concern about ecosystem 
degradation and its perceived causes (Kaiser et al., 1998).  In addition the resource 
itself is under threat. The process of urbanisation – defined as the transformation of 
natural landscapes to built environments – may potentially leave coastal areas 
permanently unfit for the harvest and consumption of oysters. Historical assessments 
indicate limited success in coping with these impacts, including extensive degradation 
of shellfish growing areas and shellfish habitats, in many major coastal areas around 
the world (e.g. Glasoe and Christy, 2004). Major programs are underway in an attempt 
to repair and restore the decades of damage in some of the overseas cases. 
Consequently, there is opportunity to learn from these experiences overseas, and 
hence plan for the anticipated land use changes and increase in human density around 
NSW estuaries. Planning to protect our oyster fisheries should be a focus in order to 
avert the problems seen elsewhere in the world, where estuaries have experienced 
more severe degradation. 
 
Animal and crop husbandry in most catchments already contribute significantly to 
impact on estuaries (e.g. DEFRA, 2004). Rapid increases in urbanisation of estuaries, 
storm water run-off and recreational boating will continue5. Potential impacts of these 
                                            
4  The ‘growth machine’ is defined as the small, property owning segment of a community likely to 
derive a direct financial benefit from community growth (Gale, 1991). 
5  For example, NSW’s largest estuary, Port Stephens, has 183 storm drains and 5,000 registered boats. 
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developments on the oyster fishery in each estuary need to be considered (White, 
2001). This leads to the complex and challenging task of accommodating growth. 
Conversely, in this changing human-use landscape, the oyster industry also needs to 
consider how to operate in an environmentally sustainable and community sensitive 
manner while maximising profitability.  
The most serious issue affecting Australia's marine and coastal environments is the 
decline in water quality caused by rising levels of nutrients and sediments. Soil erosion, 
fertiliser and chemical use, intensive animal production, and sewage and other urban 
and industrial discharges have increased the levels of nutrients, especially phosphorus 
and nitrogen, and sediments entering many bays and estuaries. Other pollutants 
include industrial chemicals and pesticides, heavy metals, pathogens and litter (ASoE, 
1996). 
The international project ‘Land Ocean Interaction in the Coastal Zone’ (LOICZ) has 
shown significant positive correlations at the 95 per cent level between nutrient 
(nitrogen and phosphorus) loading budgets in estuaries and catchment populations, 
population density, per cent urban land and cropland and standard deviations in sea 
surface temperatures. It identifies a stressed estuary as one in which the catchment is 
more than 10 per cent cleared and the population density > 60 people / km2 
(Buddemeier et al., 2002). 
 
1.4   Need for Resource Management Framework 
A fishery is defined generically as a system composed of three interacting components:  
• the aquatic biota 
• the aquatic habitat 
• the human users of these renewable natural resources.  
(Lackey, 2005)  
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The commercial industry that is dependent on the fishery is a traditional, 150-year-old 
activity. The industry, however,  now has to deal with a range of new internal and 
external constraints that affect economic yield and sustainability. The word 
sustainability is derived from the Latin sustinere (tenere, to hold; sus, up). Since the 
1980s sustainability has been used more in the sense of human sustainability with the 
most widely quoted definition of sustainability and sustainable development, that of 
the United Nations Commission on Environment and Development (UNCED), founded 
in the late 1980s, (known as the Brundtland definition) as: 
… sustainable development that meets the needs of the present without 
compromising the ability of future generations to meet their own needs 
(WCED, 1987)  
 
In this changing human and environmental landscape, the NSW oyster industry 
requires a more structured and integrated approach to manage risk. 
 
The establishment of formal planning arrangements to consider the NSW oyster 
industry in catchment and estuary development (HRC, 2003; ACIL, 1997) is critical. 
Effective management needs to consider political, legal and administrative domains, as 
well as scientific and ecological ones, to identify legal mandates, potential conflicts and 
possible partners. Without security of tenure, recognition and protection of oyster 
growing areas and improvements in institutional arrangements, little incentive exists 
for further investment in the NSW oyster industry (White, 2001). Oyster leases were 
rarely considered in current NSW land use planning, in part because lease areas are 
not found in planning maps (Ogburn, 2003). Of fundamental importance is the 
identification and protection of priority oyster farming areas (HRC, 2003). An effective 
management framework needs to include planning requirements that are feasible, 
strategic, tactical and practical, to protect priority oyster farming areas. It also needs to 
consider the risks posed by oyster farming activities to social and environmentally 
sustainable objectives. This includes location, scale and development of standards for 
acceptable farming methods that ensure ongoing sustainable good aquaculture 
practice. 
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Practical performance indicators and benchmarks also need to be established to 
ensure that both the external pressures on the fishery, and the fishery itself, achieve 
the goals established for the future management of the fishery. 
 
1.5   Hypothesis 
The studies in this work are based on the overarching hypothesis that the economic, 
social, cultural, human health and environmental sustainability objectives of the NSW 
oyster industry require a historically- and scientifically-based risk analysis framework 
for selecting, managing and cultivating oyster farming areas. A review identified that it 
was vulnerable because of the lack of protection and planning for oyster growing 
areas. The studies aim to identify risks for the NSW oyster industry and include: 
• reviewing risks to the objectives of the NSW oyster industry 
• undertaking historical and scientific based analysis of the risks 
• documenting resultant policy and industry outcomes.  
 
1.6   Aim and Objectives 
The aim of this thesis is to demonstrate that policies based on a risk analysis 
framework optimises outcomes for strategic management of the NSW oyster industry 
where risk is defined in terms of the effect of uncertainties on the industry’s economic, 
social, cultural, human health and environmental sustainability objectives. These five 
key objectives, or themes, are developed using a historical and quantitative risk 
analysis framework. The following thesis objectives are used to achieve this aim: 
1. Develop  risk analysis methods for application in a management framework  
2. Review the biology and breeding of oysters farmed in NSW 
3. Explore estuary processes that impact on oyster production 
4. Identify lessons from the history of oyster production in NSW  
5. Examine the responses to crises in the NSW oyster industry 
6. Apply risk analysis methods to the threats and opportunities to the NSW oyster 
industry  
7. Document policy outcomes as a result of this process 
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8. Provide recommendations on future management and research issues for the 
NSW oyster industry to manage risk. 
 
1.7   Overview and Scope  
Chapter 2 examines the premise of risk including the standards, terminology, concepts, 
methods and processes applied in risk assessment. The Australian Risk Standard, which 
aligns with the international Risk Management Standard ISO 31000:2009, establishes 
the framework for risk analysis undertaken in subsequent Chapters. 
 
Chapter 3 documents the biology and ecology of the four commercial oyster species 
cultivated in NSW. It reviews the basis of oyster breeding programs and focuses on 
breeding developments in the two principal oyster species of interest in the NSW 
oyster industry. A risk analysis of profitability is reported using comparative metrics 
from economic modelling for the two species. The model is also used to examine the 
important relationship between lease area requirement and growth rate of oysters. 
Diversification as a potential means to manage risk is discussed. 
 
Chapter 4 examines the processes that govern the estuarine environment and 
evaluates this in the context of the ecology of oysters and the biology of the four 
commercial ‘oyster’ species farmed in NSW. An understanding of these system 
processes can assist in appropriate site selection. A risk analysis framework for site 
selection is developed. Two important site selection factors, temperature and salinity, 
are analysed from a risk perspective. 
 
Chapter 5 undertakes a historical and scientific risk analysis of NSW oyster farming 
practices and the evolution of cultivation methods. A policy based on quantitative risk 
analysis of lease infrastructure demonstrates how this approach optimises outcomes 
for strategic management of the NSW oyster industry. 
 
Chapter 6 applies risk analysis methods to investigate maximum sustainable yield in 
NSW estuaries using historical analysis and presents sustainable yields and relationship 
to area allocation targets for a planning framework in each estuary. 
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Chapter 7 undertakes a historical and scientific risk analysis of translocation practices 
in the NSW oyster industry and introduces the concept of biosecurity using risk 
analysis. 
 
Chapter 8 investigates the present understanding of the relationship between water 
quality criteria and oyster health. The epidemiology of the major diseases affecting  S. 
glomerata is discussed and a case study in QX outbreak in the Hawkesbury River is 
used to develop a risk-based biosecurity response. 
 
Chapter 9 undertakes a historical and scientific risk analysis of food safety practices in 
the NSW oyster industry. A quantitative case study of indicators is undertaken and 
methods and criteria for communicating risk developed. An epidemiological 
assessment of the two indicators used in risk management in the NSW Shellfish 
Program is reported and a viral risk assessment model presented.  
 
Chapter 10 reports on the social, cultural and environmental sustainability risks posed 
by the NSW oyster industry and a risk management strategy for dealing with derelict 
cultivation is developed.  
 
Chapter 11 develops ecological concepts to support protection of oyster leases and the 
institutional impediments in NSW. The policy outcome of this assessment is the Oyster 
Industry Sustainable Aquaculture Strategy (OISAS) and its objectives and provisions for 
ongoing protection of water quality in priority oyster lease areas are discussed. 
 
Chapter 12 discusses future directions of the NSW oyster industry and presents the 
case for a government assistance initiative. 
 
Chapter 13 presents conclusions and future recommendations for management and 
research. 
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CHAPTER 2 – RISK ASSESSMENT  
 
The studies in this thesis are based on the overarching hypothesis that the economic, 
social, cultural, human health and environmental sustainability objectives of the NSW 
oyster industry require a historically- and scientifically-based risk assessment 
framework for selecting, managing and cultivating oyster farming areas. This Chapter 
examines the concepts, terminology and methodology used in risk assessment and its 
application to the NSW oyster industry.  
 
2.1   Introduction 
Risk is a social construct designed to help us manage danger (Mehta, 1997). Before risk 
there was fate (Bernstein, 1996). The term ‘risk’ refers to possible effects of actions or 
events, which are assessed as unwelcome by the vast majority of human beings. Risks 
denote the possibility that human actions or events lead to consequences that harm 
aspects of what humans value (Renn, 2004). Risks involve the possibility of damage or 
loss or injury to individuals or to groups or more widely to the environment. Whether a 
risk creates a high level of concern is established through judgments made about the 
definition of the problem, the nature and scope of its consequences, and the likelihood 
of different exposures (Gregory, 2004). Risk and policy analysis is analytical activity 
undertaken in direct support of specific public or private sector decision-makers who 
are faced with a decision that must be made or a problem that must be resolved 
(Morgan and Henrion, 1990). Risk assessment is fundamentally strategic in its premise. 
 
2.2   Risk Standards 
Many definitions of risk exist (Renn, 2004; Mehta, 1997). The new international Risk 
Management Standard ISO 31000:2009 was released by the International Organisation 
for Standardisation (ISO) in 2009 and has subsequently been adopted by Australia as 
AS/NZS ISO 31000 (Standards Australia, 2009). In this Standard risk is now defined in 
terms of the “effect of uncertainties on objectives” whilst previously the Standard 
focused on risk as being “the chance of something happening that will have an impact 
on objectives”. This is a subtle but important distinction that concords with the aim of 
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this thesis. Risk introduces uncertainty, complexity and ambiguity (Renn, 2004). 
Ambiguity may lead to social conflict about the means for managing risks that in turn 
leads to a need for deliberative processes.  
2.2.1   Risk and Safety 
There is an important difference between risk and safety. Risk is a scientific 
assessment, and safety is a societal perception (Rohrmann, 1994). Regulators and 
other risk managers struggle to find an appropriate balance in their use of risk 
assessment methods in decision-making. In part this is because of the distinction 
between the quantification of risk which is an empirical process and the determination 
of safety which is a normative process. Analysts’ assumptions and beliefs inherently 
have normative implications, making it impossible to uncouple risk quantification from 
value judgments in the determination of safety (Bier et al., 2004).  
 
2.3  Methods in Risk Assessment 
Here, the term ‘risk assessment’ collectively refers to the framework comprising risk 
identification, scientific analysis and evaluation (Standards Australia, 2009). Risk 
assessment is both an approach and a set of tools for systematically comparing the 
social, economic, human health and other environmental costs and benefits of 
decision options. Risk assessment includes problem definition, hazard and exposure 
assessment, risk characterization, risk communication and decisions affecting risk 
management. It is integrative and multidisciplinary, drawing on a range of basic 
scientific skills to generate data, and a wide array of other skills to evaluate, interpret, 
communicate and act on the assessment (McDaniels and Small, 2004).  
 
Renn (2004) argues that risk management agencies for human health, environment, 
resources and planning urgently need to revise their institutional routines and to 
design procedures that enable them to integrate professional assessments (systematic 
knowledge), adequate institutional process (political legitimacy), responsible handling 
of public resources (efficiency), and public knowledge and perceptions (social 
acceptance). In recent times, explicit risk objectives incorporating ecologically 
sustainable development, biodiversity indices, risk to future generations and capability 
for stakeholder groups to ask questions, become better informed over time, or to 
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define new and preferred alternatives have been incorporated in policy development 
processes (Gregory, 2004).   
 
Risk assessment can add transparency and inclusiveness to the decision-making 
process. Renn (2004) suggests a model for synthesis of risk assessment, termed 
‘cooperative discourse’ that aims to be effective, efficient, legitimate and socially 
acceptable but remains centred on the elements of risk: the probability of occurrence, 
consequences, and remaining uncertainties. The challenge is to conduct and 
communicate honest, competent risk and uncertainty assessment, with appropriately 
structured stakeholder and expert input and deliberation in problem formulation, 
study and evaluation so that trust can be built for both the competency and the 
objectivity of the analysis (Cullen and Small, 2004).  
2.3.1   Probability Methods 
Formal scientific risk analysis is a developing science based on probability that dates 
back beyond the development of a unified theory of formal probability in the time of 
Pascal, Fermat, Huygens, Caramuel, Roberval and de Mere’ in the seventeenth 
century.  Franklin (2001) provides an account of the evolution of probability as follows: 
• the recognition that there are such things as rationally persuasive arguments 
that are not necessary 
• arguments from presumption, or default or non-monotonic reasoning, as it is 
called in artificial intelligence 
• gradations in the probability of arguments 
• the proportional or statistical syllogism 
• combination of evidence 
• statistical significance arguments 
• verification of consequence arguments 
• inductive arguments, or arguments from the observed to the unobserved, that 
is from sample to population 
• arguments from analogy, that is, inductive arguments in which the sample and 
population consist of properties, not individuals. 
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All of these forms of probabilistic argument continue to be applied in risk analysis 
processes today and are used in this work. Despite scepticism toward highly confident 
estimates of risk, we often prefer simple, unambiguous answers from science.  
2.3.2   Historical Information in Risk Assessment 
There is an increasing use of historical information to help understand natural and 
anthropogenic changes in marine environments (Jackson et al., 2001; Jackson, 2001). 
Historical information not only helps to clarify underlying causes and rates of 
ecological change, but also demonstrates achievable goals for restoration and 
management of coastal ecosystems that could not be contemplated based on the 
limited perspective of recent observations alone (Jackson, 2001). Worldwide, the 
policy goal for fishery management has become the restoration of the ecosystem, as 
opposed to industry sustainability which at worst may serve only to sustain sub 
optimal fishery production, rather than maximise net benefits to society. This has been 
termed the ‘Back to the Future’ (BTF) policy process (Pitcher et al., 1999). The BTF 
method counters the tendency to use as a baseline, the state of things at the start of 
our careers: a cognitive impediment to comprehending the full effects of fishing or 
environmental management on aquatic abundance and biodiversity (Pauly, 1995).  
 
The approach used in this thesis has been to use the lessons learned from a historical 
analysis of the NSW oyster industry to inform and support a scientific risk assessment 
of key threats and opportunities for selecting, managing and cultivating oyster farming 
areas. Good argues that risk science based on the evaluation of probabilistic events has 
been useful in saving and improving lives throughout history, “since the assessment of 
uncertainty incorporates the idea of learning from experience which most creatures do” 
(Good, 1959).  Risk can be estimated from previous incidence of an event (Mehta, 1997). 
2.3.3   Risk Analysis 
Risk analysis deals with scientific analysis; risk management with policy on an issue 
(Mehta, 1997). Risk analysis invariably involves value judgments being applied, even 
when an assessment is undertaken by experts (Kontic, 2000). Cullen and Small (2004) 
suggest that common heuristic biases that often overlay human judgment in risk 
assessment include a tendency to:  
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• overestimate probabilities for events commonly encountered or frequently 
mentioned (termed ‘availability bias’)  
• be overly influenced by speculative or illustrative information presented to 
initially frame a problem (‘anchoring and adjustment’)  
• be overconfident for complex problems with sparse data that may or may not 
be pertinent to the problem at hand (‘overconfidence’ and 
‘representativeness’) 
• ignore data or discount evidence that contradicts strongly held convictions 
(‘disqualification’). 
 
Conceptually, risk analysis is the initial predictive component and monitoring is the 
detection component, which informs the prediction process (Pierson et al., 2002). Risk 
assessment attempts to define the consequences of a certain action or event and the 
likelihood of those consequences occurring and then assigns a level of risk. Likelihood 
is the probability or frequency of an impact or consequence occurring as a probabilistic 
scale.  
 
A risk matrix of consequence and likelihood is commonly used to determine the level 
of assigned risk (Standards Australia, 2009). The risk-based approach relies on 
quantification of probabilities and outcomes, the development of quantitative models, 
and the use of cost-benefit analysis (CBA) for scientifically rational decision making 
(Tait and Bruce, 2004) noting the caveats on the limitations of CBA in valuing risk 
management choices that may result from explicit risk objectives including 
sustainability and risk to future generations (Gregory, 2004). 
 
Renn (2004) observed that public perception of probabilities and risk differs 
considerably from professional analysis in risk analysis. Whereas experts usually give 
equal weight to probabilities and magnitudes of a given risk, the intuitive risk 
perception of lay people reflects higher concern for low probability, high consequence 
risks. While perceptions are partially based on false knowledge claims, cognitive 
biases, distortions and non-generalised anecdotal evidence, any decision on the 
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acceptability of a given risk implies crucial value judgments on at least three levels 
(Renn, 2004). These are:  
• the selection of criteria on which acceptability or tolerability should be judged 
• the trade-off between these criteria 
• the values that should assist risk managers in finding optimal strategies for 
coping with remaining uncertainties and ambiguities.  
 
The present state of the art in risk analysis continues to focus on the uncertainty and 
variability of risks (Zimmerman and Cantor, 2004). Consideration of variability as a 
management tool also enables us to identify differences in the characteristics of 
populations or environments as a basis for understanding the differences in risks to 
which they are exposed. Consideration of uncertainty allows us to direct research and 
data collection to most effectively improve this characterisation, and thereby more 
effectively design risk management programs to reduce, mitigate or eliminate the 
most severe problems (Zimmerman and Cantor, 2004). Sensitivity analysis is an 
important adjunct of uncertainty analysis, determining the impact of particular model 
inputs and assumptions on the estimated risk. New approaches for characterising the 
uncertainty in risk estimates have emerged. Notable among these include methods 
based fuzzy sets and classification techniques using a combination of statistical and 
epidemiological methods (Cullen and Small, 2004) hierarchical statistical modelling 
(Cressie and Wikle, 2011).  
2.3.4   Risk Management 
Risk management has been a fundamental motivation for the development of social 
and governance structures throughout human history (McDaniels and Small, 2004). 
Risk management decisions in government that flow from a risk assessment typically 
impose restrictions on one part of the population to protect other parts or, vice versa, 
to allow some parts to impose risks on other parts. In these cases, Renn (2004) argues 
that legitimate decision-making requires the proof that: 
• alternative actions are less cost-effective (efficiency) 
• the required course of action (or non-action) would result in the anticipated 
positive results (effectiveness) 
• the actions are in line with due process and democratic procedures (legitimacy) 
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• these actions are finding public approval (social acceptance). 
2.3.5   Risk Communication 
Organising and structuring discourses on risk goes beyond the public involved in risk 
decision-making, but discursive processes need a structure that ensures the 
integration of technical expertise, regulatory requirements and public values. Decisions 
on risk need to reflect effective regulation, efficient use of resources, legitimate means 
of action and social acceptability. There is now greater emphasis on how risk 
management should be implemented and integrated through the establishment and 
continuous improvement of a risk management framework such as AS/NZS ISO 31000 
(Standards Australia, 2009). The framework ensures that information about risk 
derived from the risk management process is adequately reported and used as a basis 
for decision-making and accountability at all relevant levels. 
2.3.6   Risk Indicators 
Risk indicators provide a link between qualitatively expressed risk objectives and the 
quantitative expression of risk consequences, based on an understanding of the risk 
dimensions, magnitudes and probabilities. The choice of a risk indicator can greatly 
influence the identification of risk problems and the consequent selection of policy 
prescriptions (Gregory, 2004). In the development and implementation of sustainable 
coastal policy the selection of risk indicators is of paramount importance and this is a 
key motivation for this study.  
 
2.4   Risk Escalator Model 
It is recognisable that risk management can vary from routine operations through to 
uncertainty and inputs for risk management consequently vary. Renn (2004) 
underlines the importance of distinguishing between complexity, uncertainty and 
ambiguity and describes the ‘risk management escalator’ (see Figure 2) to recognise 
the different inputs required for each of these features which characterise most risks 
to varying extents. 
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Figure 2.  The risk management escalator (From: Renn, 2004) 
 
2.5   Conclusion 
Chapter 2 has shown that risk assessment is a useful basis for informed debate, policy 
decisions and governance regarding risk issues within societies. Risk assessment 
collectively refers to risk analysis, risk management and risk communication. Risk 
management should be implemented and integrated through the establishment and 
continuous improvement of a risk management framework such as AS/NZS ISO 31000 
(Standards Australia, 2009). In this Standard risk is now defined in terms of the “effect 
of uncertainties on objectives” whilst previously the standard focused on risk as being 
“the chance of something happening that will have an impact on objectives”. Risk can 
be estimated from previous incidence of an event and historical analysis helps inform this 
process. An understanding of risk assessment is the first step in the aim of this thesis to 
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demonstrate that policies based on a risk assessment framework optimise outcomes 
for strategic management of the NSW oyster industry where risk is defined in terms of 
the effect of uncertainties on the industry’s economic, social, cultural, human health 
and environmental sustainability objectives. It also underscores the key motivation for 
this study that the NSW oyster industry is a risk indicator of sustainable coastal 
catchment policy and practice. 
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CHAPTER 3 – NSW OYSTERS 
 
3.1   Commercial Oyster Species of NSW 
The taxonomy of oysters in Australia continues to evolve since European arrival 
(Tenison-Woods, 1883; Thomson, 1954). Oyster production in Australia presently 
involves five species: the S. glomerata,  C. gigas,  flat oyster; and two tropical species, 
the coral rock or milky oyster, Saccostrea cucullata, and the black-lip oyster, Striostrea 
(Parastriostrea) mytiloides, formerly known as Saccostrea echinata (Nell, 1993). The 
species of principal present commercial interest in NSW, and hence considered in this 
study are the S. glomerata,  C. gigas, Ostrea angasi and Akoya pearl oyster, Pinctada 
imbricata, discussed in the following sections. 
3.1.1   Sydney Rock Oyster  
The Sydney rock oyster, S. glomerata, is the predominant native oyster in south-east 
Australian estuaries attaching to rock and shell in subtidal and intertidal areas of 
coastal and estuarine environments (Roughley, 1925). S. glomerata is a reef-forming 
organism, but it varies throughout its range in habitat and growth form (Oyster Culture 
Commission, 1877). When the first European settlers arrived in Australia  S. glomerata 
was found both as ‘dredge (or drift) oysters’, which were oysters found at least two 
feet below low water mark or ‘bank oysters’ which were oyster beds occurring in the 
intertidal zone between high and low water marks (Smith 1985). Debate occurred over 
the species synonymy of the dredge and bank oysters during the early years of the 
European oyster industry (Tenison-Woods, 1883; Cox, 1893). Bank oysters transferred 
from intertidal areas to deepwater leases gained the same appearance as dredge 
oysters and it was concluded the two oyster types were  S. glomerata (Roughley, 
1925).  
 
A continuous distribution of  S. glomerata extends from the Victoria/ NSW border 
(36o S) up the east coast, across the tropical north of Australia and along the west coast 
as far south as Shark Bay in Western Australia (25o S) (Figure 3). Molecular taxonomy 
indicates it is the same species as that found in New Zealand (Anderson and Adlard, 
1994). It is cultured along the eastern seaboard of Australia from 27o S to 37.5o S 
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(Smith et al., 2000) and it is capable of living out of water for three weeks in cool damp 
hessian bags (Oyster Culture Commission, 1877).  
 
The Oyster Culture Commission (1877) also observed for  S. glomerata that:  
Many circumstances highly favourable to the growth and fattening of 
oysters are the reverse for successful breeding. Growth and fattening will 
proceed where there may be a large amount of fresh water and a strong 
current: the former would prove prejudicial to spatting, and the latter tend 
to prevent the adhesion of spat – at least in the locality in which it is voided.  
 
 S. glomerata larvae were reported to have the highest growth rates at salinities of 23–
39 and highest survival rates at salinity of 27–39 (Nell and Holliday, 1988), which 
explains why the highest  S. glomerata catching areas are usually close to the estuary 
entrance, near oceanic conditions. Adult  S. glomerata range of osmo-conformity is a 
salinity range of 15–45  (Nell and Dunkley, 1984). The optimum salinities for 1.3 mg 
and 0.61 g spat is a salinity range of 25–35  and 20–40 respectively. A reduction in 
salinity appears to provide a spawning stimulus for adult  S. glomerata (Frankish et al., 
1991). S. glomerata, like other oysters, is a prolific spawner. Oyster spat of 15 mm 
corresponding to a whole weight of 2–3 g were reported to have mature sperm or ova 
in their gonads in summer months (Mason, 1987). Spawning of  S. glomerata occurs in 
late summer to early autumn. Farmers tend to catch spat near the estuary entrance, 
laying out their catching sticks in February–March (Holliday, 1995). The spat are 
transferred upriver, late in the same year, for both nursery, termed ‘depoting’, and 
growing (Holliday, 1995). This strategy was also developed to reduce biofouling, 
termed ‘overcatch’, of  S. glomerata spat on the stock (Curtin, 1968). Greatest growth 
and survival of 4.0 g  S. glomerata spat was reported from the more estuarine central 
mud basin sites than closer to the entrance marine tidal delta in Port Stephens 
(Holliday, 1995), presumably because of greater available food (Richardson, 1991). In a 
correlative study of the phytoplankton dynamics of the oyster growing areas of the 
Clyde River in NSW, Dugteren (2005) reported a shift in dominant taxa from diatoms, 
predominantly Chaetoceros spp., in the marine tidal delta to flagellates, to 
predominance of cryptophytes such as Plagioselmis prolonga in the fluvial delta zone 
of the estuary. 
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Figure 3.  The distribution of Sydney Rock and Flat oysters along the Australian mainland coast 
 
3.1.2   Flat Oyster  
The Australian flat oyster, Ostrea angasi, is primarily a subtidal oyster found in the 
marine dominated areas of estuaries and has a low tolerance to freshwater run-off. 
Today, small self-sustaining wild populations of this species are usually only found 
south of the Clarence River on the mid NSW north coast though individuals have been 
found as far north as Moreton Bay in southern Queensland (Heasman et al., 2004). 
Captain Cook reported large flat oysters in Botany Bay in 1770, the largest he had ever 
seen. It is the major oyster species found in Aboriginal middens in the south-east 
region of Australia (Attenbrow, 2002). Flat oysters were abundant when European 
settlers first arrived in Australia (Oyster Culture Commission, 1877). Most of the O. 
angasi wild fishery disappeared from NSW estuaries in the mid 1800s (Chapter 5). This 
was possibly due to the introduction of a pathogenic disease agent, Bonamia sp. 
(Ogburn et al., 2007). Huge unexplained mass mortalities of flat oysters were also 
reported in Tasmania in the 1880s (J. Handlinger, DPIWE, July 2005). Commercial 
production of flat oysters in NSW is now dependant on hatchery bred stock (Heasman 
et al., 2004). There is no wild O. angasi fishery presently in existence in NSW.  
 
The flat oyster inhabits areas from low tide to 15 m depth and forms beds in estuaries 
(Arakawa, 1990). In Australia O. angasi extend from the Swan River (32o S) in Western 
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Australia, along the whole of the southern Australian continent and up the east coast 
as far north as the Clarence River (29o S) (Saville-Kent, 1891; see Figure 3). It cannot 
survive out of water for more than a few days (Oyster Culture Commission, 1877). O. 
angasi is not an effective osmoregulator but in the work of Nell and Gibbs (1986) adult 
flat oysters tolerated salinities within the range 20–45 for 8 days. It was noted that the 
species grows best in the range 25–35 (Nell and Livanos, 1988).  
 
The phylogenetic relationship between Ostrea edulis, the European flat oyster, and O. 
angasi, the Australian flat oyster, has been a debatable topic (Kenchington et al., 
2002).  Harry (1985) reduced O. angasi to a synonym of the Southern Hemisphere 
species Ostrea puelchana, which is circumglobal between 35o and 50o S latitude 
including coasts of east and west South America, southern New Zealand, southern 
Australia and South Africa. This places it in a different subgenus from O. edulis based 
on larval morphological and developmental characteristics. In contrast, molecular 
analysis suggests that on the grounds of sequence similarity, O. edulis and O. angasi 
are conspecific (Kenchington et al., 2002). No significant genetic differentiation was 
found among sampled flat oysters in NSW estuaries and it was concluded that all 
eastern samples represent a geographically homogeneous population (Hurwood et al., 
2004). Morton et al. (2003) reported the occurrence of O. edulis among native O. 
angasi populations in south-western Australia using DNA markers. Tiostrea chilensis 
found in New Zealand (Morton et al., 2003) is considered to be a different population 
of the same species (Buroker et al., 1983). 
3.1.3   Pacific Oyster  
The Pacific oyster,  C. Gigas,  is native to Japan where it spans latitude 30–45o N in bays 
and estuaries where water is somewhat turbid. It consists of four well-defined forms 
regarded as races (Carriker and Gaffney, 1996). These races are recognised as differing 
in shell morphology and optimal temperature (Coleman, 1986). The main races farmed 
in Japan are the Mujagi, Hiroshima and Kumamoto strains. Because it is a fast growing, 
hardy species, tolerant of a wide range of environmental conditions,  C. gigas  have 
been introduced throughout much of the world including Canada, America, Mexico, 
Chile, Korea, Taiwan, New Zealand, Australia, and coastal European countries (Quayle 
and Newkirk, 1989).  C. gigas  is the predominant cultivated oyster accounting for 98 
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per cent of world production of oysters in 2000 (FAO, 2002). This was either a result of 
the absence of a suitable commercial native oyster such as in South Australia and 
Tasmania (Chapter 5) or a result of disease in native oysters as occurred in France and 
the east coast of America (Coleman, 1986). The Mujagi strain is farmed in Tasmania 
and is believed to be the strain presently in NSW estuaries (Robards et al., 1988). 
 
The optimal salinity range for the growth of  C. gigas  larvae is 19–27 (Nell and 
Holliday, 1988).  Pacific oyster  beds in Japan are found over a salinity range of 11–32  . 
Optimal range for  C. gigas  development is 23–25o C and salinity of 23–28 (Carriker 
and Gaffney, 1996). The frequency with which  C. gigas  undergo gonad maturation 
and spawning increases as water temperatures rise above 20o C making it difficult to 
grow and consistently market mature  C. gigas  from warmer subtropical waters 
(Korringa, 1976; Mann, 1979).  Pacific oyster  can tolerate emersion for 50 per cent of 
the time but adult  C. gigas  will not survive being out of water for more than 3–5 days 
in cool conditions.  Pacific oyster  has a typical grow out time of 2 years to market size 
of 70 g compared to wild caught S. glomerata, which on average takes 3.5 years to 
reach market size of 50 g. The competitive advantage enjoyed by  C. gigas  over S. 
glomerata is due to faster rates of feeding, particularly at higher food concentrations, 
and greater metabolic efficiencies of both feeding and growth (Bayne, 2002). 
Comparative studies of wild caught  S. glomerata and  C. gigas  conducted in Port 
Stephens at 3 sites located approximately in the Marine Tidal Delta, Central Mud Basin 
and Fluvial Delta zones of the estuary (see Chapter 4) from February to July indicated 
that average relative growth rates of wild caught  C. gigas  was approximately 3 times 
that of wild  S. glomerata (Bayne, 2002). Average absorption efficiencies of  C. gigas  
were approximately 30 per cent greater than  S. glomerata during the study (Bayne, 
2002). Condition index of  S. glomerata and  C. gigas  vary through the seasons. 
Different condition indexes occur at different times of the year for each species 
(Mason and Nell, 1995). 
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The  Pacific oyster  shows remarkable adaptability and hardiness, including resistance 
to a range of oyster diseases occurring overseas such as the protozoan parasites 
Haplosporidium nelsonii (MSX) and Perkinsus marinus (Dermo disease) in America 
(Ford and Tripp, 1996); Bonamia ostreae and Marteilia refringens in Europe 
(Matthiessen, 2001); and gill necrosis virus and hemocytic virus which destroyed the 
Portuguese oyster industry in France in the early 1970s (Matthiessen, 2001). 
Importantly,  C. gigas  is also unaffected by the two major haplosporidian diseases 
(Nell, 2001) affecting  S. glomerata in NSW, namely Bonamia roughleyi (Winter 
Mortality) and Marteilia sydneyi (QX disease) (see Chapter 7). 
3.1.4   Akoya Pearl Oyster 
The Akoya (‘seawater’) pearl oyster, Pinctada imbricata, is a member of the family 
Pteriidae, and is consequently not a true oyster. It has been fished for pearls for 
centuries and is among the most widespread of the pearl oyster species. Akoya oysters 
are found on areas of the eastern coastline of North and South America, the east coast 
of Africa, the Mediterranean, as well as throughout the Indo-Pacific including the east 
coast of Australia (Figure 4). Samples have been collected as far south as Mallacoota in 
Victoria and the species distribution extends throughout NSW and around our 
northern coastline to Shark Bay in Western Australia (O’Connor et al., 2003). 
Specimens of the Pinctada imbricata complex from three Australian east coast sites 
(tip of Cape York; Cairns; Moreton Bay and Long Reef, NSW) have been subjected to 
genetic analysis (allozyme electrophoresis) and the results compared with those for P. 
imbricata in Japan. These comparisons identified the presence of two pearl oyster 
species in NSW, one of which, P. imbricata, was confirmed to be conspecific with the 
species cultured in Japan (Colgan and Ponder, 2002). 
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Figure 4.  World distribution domain of Pinctada imbricata (O’Connor et al., 2003) 
 
Collectors deployed at two sites in Port Stephens estuary demonstrated that spat fall 
of P. imbricata occurs largely in the months of December and January following spring 
and early summer peaks in reproductive activity (O’Connor and Lawler, 2004a). 
Salinity, temperature and emersion tolerances of juvenile (17 mm) Akoya oysters 
studied in the laboratory suggested that water temperatures below 14o C might be 
lethal to Akoya. Salinity ranges of 22–26   resulted in mortality > 50 per cent within 2–3 
days (O’Connor and Lawler, 2004b). This supports the observation that adult 
specimens are found in NSW only in low numbers and only in Marine Tidal Delta 
regions not subjected to low salinities (Wayne O’Connor, DPI, personal 
communication, October 2005). Emersion tolerance increased with size of Akoya. Spat 
of 5 mm diameter were capable of surviving emersion for 4 hours and 37 mm juveniles 
survived for 30 hours, at 20o C without mortality. The authors noted that caution 
should be used in interpreting these results. Abrupt changes in the natural 
environment are unlikely and there was little opportunity for the Akoya to acclimatise 
in the laboratory experiments (O’Connor and Lawler, 2004b).  
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The Akoya oyster produces small to medium sized (2 to10 mm) pearls and are most 
suitable for producing matched strings. In the late nineteenth and early twentieth 
century’s, several Japanese researchers discovered a method of producing pearls 
artificially. Essentially, the technique involves inserting a foreign substance, or nucleus, 
into the tissue of the oyster, then returning it to the sea and allowing the resulting 
cultured pearl to develop naturally. Kokichi Mikimoto is credited with perfecting the 
technique for artificially stimulating the development of round pearls in oysters, 
receiving a patent for this technique in 1916. Although patented in 1916 this technique 
has since been improved upon and used extensively throughout the pearling world.  
 
The Japanese Akoya industry, from where the bulk of world Akoya production came for 
many decades, is on the verge of complete collapse due to a variety of factors 
including pollution arising from human activities on adjacent land, red tides and 
specifically, an infectious agent (Kurokawa et al., 1999). In a study of mass mortalities 
of Akoya pearl oysters in western regions of Japan in 1996 and 1997 researchers found 
that diseased oysters exhibited necrosis, atrophy, swelling and vacuolisation of the 
muscle fibres. The pathogen, called ‘akoya-virus’, was isolated. Akoya pearl oysters 
experimentally inoculated with isolated virions exhibited the symptoms of the disease 
(Miyazaki et al., 1999). Even though intensive studies have been made by the Japanese 
Fisheries Department, other than its extent, the pathogen for the disease is still not 
clearly identified. The disease has not been reported in Australia. 
 
3.2   Oyster Breeding Programs 
Genetically-based breeding programs have been responsible for at least 30 per cent of 
the increase in the rate and efficiency of land based protein production since 1900 
(Sheridan, 1997). In this sense, ‘breeding’ refers to attempts to make changes in the 
genetic composition of an oyster stock with the objective of improving production 
(Newkirk, 1996). Genetic changes resulting from selection and chromosome 
manipulation are of particular interest in marine bivalve mollusc breeding programs. 
3.2.1   Genetic Selection 
The mechanism for genetic selection operates by saving certain genotypes and 
removing others. In a selection program, individuals that have superior performance 
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are used as broodstock. To the extent to which these differences are genetic, the 
selection program will result in a genetic change in the stock (Newkirk, 1996). The 
genetic changes in the oyster population are achieved by changing the frequencies of 
the genes and, in the process, allowing new genotypes to be formed by increasing the 
probability that better gene combinations will occur. The expectation is that there will 
be continuous and cumulative change over time (Newkirk, 1996). Technology for 
propagating oysters routinely in hatcheries has enabled long-term genetic 
improvement programs to occur for a range of oyster species (Sheridan, 1997). 
Overseas studies report improvements in oyster growth rate (e.g. Newkirk and Haley, 
1983; Paynter and Dimichele, 1990; Toro and Newkirk, 1990; Jarayabhand and 
Thavornyutikarn, 1995); appearance (Brake et al., 2003) and survival (Baud et al., 1997; 
Naciri-Graven et al., 1998). In Australia, reports on growth improvements in  C. gigas  
(Ward et al., 2000) and  S. glomerata (Hand et al., 2004; Nell and Perkins, 2005a and 
2005b) have also been published. 
3.2.2   SRO Breeding Program 
In 1971 research on hatchery production techniques for  S. glomerata commenced at 
NSW Fisheries. NSW Fisheries established a breeding program for  S. glomerata in 
1990 with the aim of selecting  S. glomerata for faster growth. This program was later 
expanded to include selection for resistance to the two major diseases of S. glomerata, 
Winter Mortality and QX disease. Nell et al. (2000) reported, after two generations of 
mass selection of S. glomerata, an average weight for age advantage ranging from 14–
23 per cent per breeding line. This equates to a reduction of 3 months in the time 
taken to reach market size compared to ‘wild’  S. glomerata stock. Subsequently, 
progeny of oysters selected for 4 generations at Port Stephens reached a market size 
of 50 g whole weight 11 months earlier than the average time to market of 3.5 yrs 
(Nell and Perkins, 2005a). Techniques for producing  S. glomerata spat in the hatchery 
were, however,  not sufficiently reliable for commercial adaptation. Indeed, it was 
thought that  S. glomerata was particularly difficult to hatch and rear commercially. 
Overcoming the constraints to commercial scale hatchery and nursery production for  
S. glomerata was a research priority in a three-year project which commenced in July 
2003 (ORAC, 2003). Over 10 million spat from a fast growth breeding line equivalent to 
approximately 8 per cent of the present  S. glomerata industry annual requirement, 
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allowing for 25 per cent losses, were purchased by industry in 2003/04 and a similar 
quantity in 2004/2005 (Wayne O’Connor, DPI, personal communication, January 2005). 
  
 S. glomerata from the mass selection experiment for growth confirmed that faster 
growing oysters feed more rapidly; invest more energy in growth per joule ingested; 
and show higher net growth efficiency than slower growing non selected individuals 
(Bayne et al., 1999). Feeding rates were not only faster in selected oysters; they were 
also metabolically more efficient (Bayne et al., 1999). The  S. glomerata selected for 
growth achieved a greater gain of energy per unit of energy lost in metabolism than 
did control oysters. 
3.2.3   Disease Resistance Breeding 
Selective breeding programs to develop oyster strains resistant to disease have been 
underway for a range of oyster species internationally. A program to develop a strain 
of oyster resistant to MSX (Minchinia [Haplosporida] nelsoni) disease in the eastern 
oyster (Barber et al., 1991) demonstrated that the best selected strains (fifth to 
seventh generations) reached market size with only 30 per cent mortality compared to 
90–95 per cent for offspring of unselected control groups (Ford and Tripp, 1996). No 
sooner had resistant stocks begun to increase in Delaware Bay, than they became 
infected with another parasite – Perkinsus marinus – that killed seed oysters and 
destroyed the fishery again (Edwards, 2005). Nell and Perkins (2006) reported that 
after three generations of QX-selection, mortality was reduced to 22 per cent among 
selected S. glomerata, whilst 80 per cent mortality was recorded among non selected 
oysters in the QX affected Georges River estuary for the first season of exposure to the 
parasite. QX disease resistant oysters, however,  still suffered significant mortality 
during the second season of exposure suggesting more generations of selection for QX 
disease resistance are needed. 
3.2.4   Triploidy 
Fifteen species of Crassostrea and six species of Ostrea have a diploid number of 20 
(Longwell and Stiles, 1996). These include S. glomerata,  C. gigas  and flat oysters (John 
Nell, NSW DPI, personal communication, February 2005). Oysters are normally diploid 
(two sets of chromosomes). As in other groups of molluscs, variation in chromosome 
number is common, and triploid species exist along with diploids in the wild (Gong et 
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al., 2004). The manipulation of chromosome sets to produce organisms with three sets 
of chromosomes (triploids) has long been used in agriculture.  
 
Triploid oysters are of interest and importance in aquaculture because their lesser 
expenditure of energy in gonadal development leads to better condition and growth 
during seasonal gametogenesis; they are disease resistant; and are functionally sterile 
(Tabarini, 1984; Allen, 1987; Allen and Downing, 1986; Hand et al., 1998a, 1998b; 
Troup, 2001). 
 
Triploids have been produced and evaluated in over 20 species of molluscs and, in 
most species studied so far, triploids are bigger than diploids (Guo et al., 2001) 
including  C. gigas ,  S. glomerata and flat oysters. This phenomenon has been referred 
to as triploid gigantism, and several hypotheses have been advanced attributing 
triploid gigantism to sterility, increased heterozygosity or larger size of triploid cells 
(Guo and Allen, 1994). The unequal number of chromosome sets in triploids precludes 
the regular pairing required for normal chromosome segregation during the first 
meiotic division (Longwell and Stiles, 1996). Induction is achieved by blocking meiosis, 
usually by chemical means (Hand et al., 1998a). Levels of triploidy achieved by this 
means may vary widely. In S. glomerata, > 60 per cent induction of triploidy was 
considered good (Hand et. al., 1998a).  
3.2.5   Triploid Pacific Oysters 
Gong et al. (2004) reported that on average, the level of triploid gigantism they 
observed in mated  C. gigas  was 79 per cent in terms of whole body weight and 98 per 
cent in terms of meat weight, and was among the highest reported for this and other 
species. The occurrence of triploid gigantism is generally between 30 and 50 per cent 
in most shellfish species studied so far (Guo, 1999).  
 
The development of viable tetraploid male  C. gigas  by inhibiting polar body one in 
eggs from selected triploid oysters under a patented system (Guo and Allen, 1994) 
enabled production of all triploid offspring from mating tetraploid males with diploid 
females. Tetraploid oysters are of growing aquacultural importance because they can 
serve as progenitors of hatchery-bred triploid spat (Guo et. al., 1996). 
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When triploids are completely sterile, the use of triploids for aquaculture may protect 
potential risk to biodiversity by preventing escape of cultured stock to wild 
populations. For triploids that are not completely sterile, their reproductive potential 
and genetics are relevant to our understanding of potential impacts of triploids on wild 
populations. The development of functionally sterile triploid  C. gigas , sometimes 
referred to as ‘mated’ triploids, as opposed to chemical triploid induction, by crossing 
normal diploid and tetraploid oysters (Gong et al., 2004) has significantly reduced the 
biosecurity risk arising from increased presence of  C. gigas  in areas where natural 
reproduction is a threat. In  C. gigas  and probably most molluscs, triploids are not 
completely sterile and therefore cannot provide complete containment (Gong et al., 
2004). Gong et al. reported that on average, mated  C. gigas  triploids had a relative 
reproductive potential of 0.1075 per cent (about 1 / 1000), when mated with normal 
diploids and produced diploid, triploid and aneuploid (addition of one or more 
chromosomes) progeny. When large populations of triploids are deployed for 
aquaculture production, they could affect chromosome number of wild populations; in 
particular the production of aneuploid progeny which, in the case of  C. gigas  tended 
to be stunted and had lower survival (Gong et al., 2004). For  C. gigas , the 
consequence of this risk is probably very low in NSW estuaries, since  C. gigas  are not 
native and feral populations are now found in most NSW estuaries (see Chapter 7). 
 
Mated triploid  C. gigas  farmed in Port Stephens were reported to have an 
exceptionally fast growth rate and reached a whole weight of 55 g in 13 months 
compared to 20 months for  C. gigas  diploids (Nell and Perkins, 2005b) and 42 months 
for non-selected S. glomerata. Mortality of the triploid  C. gigas  was 24.5 per cent 
versus 40 per cent for diploid  C. gigas  over the duration of the experiment (July 2002–
February 2004). Discolouration of the meats of the triploids was, however, found when 
they were in better condition than the diploids over summer (October 2003–March 
2004). They noted the discolouration had cleared up by April 2004 and that the stock 
did not suffer this problem in the previous period from April–September 2003. The 
triploids also had a lower peak condition than the diploids. Oysters in peak meat 
condition, that is spawning condition, are preferred for the half shell trade in Australia 
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and in this study, there was at least a six-month period prior to discolouration, when 
the triploids were large enough and had sufficient meat condition for marketing on the 
half shell (Nell and Perkins, 2005b; Nell et al., 2006). Farmers have reported excellent 
results with triploid  C. gigas  in the Hawkesbury and Crookhaven Rivers with stock 
reaching maturity in 12 months, resulting in greatly improved farm profitability (B. 
Allen, personal communication, December 2010).  
 
The commercial availability of ‘mated’ triploids in Australia enabled risk-based policy 
development for the NSW oyster industry that enables  C. gigas  farming to be 
conducted with very low risk of environmental impact due to the functional sterility of 
this stock. This also makes them an attractive choice in areas such as Port Stephens, 
NSW, where excessive overcatch makes oyster farming difficult (Nell, 1993). This was a 
major breakthrough in risk-based policy development for the NSW oyster industry. 
 
As has been mentioned previously,  C. gigas  is also not affected by two important 
haplosporidian diseases of  S. glomerata – Winter Mortality and QX disease (Nell, 
2001) making it an attractive possible option in estuaries badly affected by these  S. 
glomerata diseases (see Chapter 8). Several estuaries in NSW have begun farming 
‘mated’ triploid  C. gigas  following development of risk-based policy on translocation 
of  C. gigas  (see Chapter 7) and an environmental impact assessment under the 
Environmental Planning and Assessment Act, 1979. These include Wallis Lake, 
Hawkesbury River, Georges River and Crookhaven River (B. Allen, personal 
communication, December 2010). 
3.2.6   Triploid Sydney Rock Oysters 
Hand and Nell (1999) reported discolouration of the gonad of chemically induced 
triploid S. glomerata, particularly during periods of rapid growth. In addition Troup 
(2001) found that although triploid  S. glomerata maintained condition year round 
they were never as ‘fat’ as normal diploid oysters in prime condition. Chemically 
induced triploid  S. glomerata were reported by oyster farmers on the NSW south 
coast to have significant resistance to Winter Mortality (Hand et al., 1998b). 
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3.3   Inherent Variability in Oyster Growth 
Natural fish populations typically have a variable distribution in the size range of fish 
within a year class. The same is true in oysters. Oysters in the right hand tail of the size 
distribution curve are rapid growers, sometimes referred to as ‘shooters’. Conversely, 
oysters in the left hand tail of the size distribution are slow growing and often referred 
to as ‘runts’. It is this pattern of development that is used in mass selection breeding 
programs in which faster growing oysters are selected from the batch and the rest 
discarded. Clearly, it is implicit that there is a genetic component in the growth rate of 
individual oysters within a year class. On the other hand, even within genetically 
selected oysters, there will be fast and slow growing oysters in a batch; hence the 
ongoing additive growth rate with each subsequent generation of selected oysters in 
the present  S. glomerata breeding program (Nell and Perkins, 2005a). 
 
Under hatchery conditions using mass spawning of oysters, repeated grading during 
the early stages of oyster larval and spat development are undertaken to bring the 
population down to a manageable size. Screens are used to separate larger oysters 
which are retained and the rest discarded. Typically, this would mean that more than 
98 per cent of the original population would be discarded before the oysters are sent 
to nursery (Wayne O’Connor, NSW DPI, personal communication, September 2006). It 
is therefore probable that a large genetic component of slow growth in a batch is 
removed prior to nursery. 
 
In wild-caught, single-seed oysters, it is probable that natural selection processes may 
result in a component of the genetically slower growing oyster larvae being removed 
prior to settlement on slats but this is likely to be variable, if not random. Wild scrape-
off spat is typically graded and clearly the amount that is discarded prior to placement 
in nursery is dependent on the operator, size of catch, production objectives and other 
factors. Consequently the genetic component of slow growth in a batch of caught spat 
that is removed is largely operator dependent. Commercial farm practice also 
undertakes grading and culling during the ‘scrape-off’ stage of ‘wild caught’ spat to 
bring the population down to a manageable size (see Chapter 5). 
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Within a nursery batch, there is also a range of sizes in the batch and the question 
arises as to how the slower growing ones will perform in a grow-out situation. In a 
study designed to investigate this problem in S. glomerata, Mason et al. (1998) found 
that the growth rate of hatchery bred nursery reared spat was not affected by initial 
size class or history, and that the initial differences in size were not genetic in origin, 
but the result of temporary environmental stunting. They concluded that smaller grade 
oysters within their study were simply at a different position on the same exponential 
growth curve. A study on hatchery bred triploid and diploid  S. glomerata had similar 
conclusions (Hand et al., 1999). 
 
For oyster farmers undertaking grow out operations, it becomes a critical economic 
question as to whether slower growing oysters within a batch are ‘runted’, i.e. the 
oysters are slow growing because of genetic traits, or ‘stunted’, i.e. the oysters are 
slow growing because of environmental factors, particularly crowding and food 
limitation.  Farmers who catch their own spat are in a reasonable position to manage 
this risk. On the other hand, oyster farmers who buy a single grade from nursery 
operators are understandably nervous about the risk of receiving a batch from the tail 
end of a crop.  
 
In summary, there are both genetic and environmental components affecting growth 
rates in oyster spat within a batch. The degree to which each of these components is 
manifested depends on the history of the batch with regard to grading and 
environmental conditions. 
 
3.4   Economic Risk Analysis  
In 2000 the NSW Oyster Research Advisory Committee (ORAC) funded the 
development of a spreadsheet based economic model for use by the oyster industry, 
managers and researchers. The model, ‘Oyster Profit: Decision Tools for Farmers and 
Investors’ (Johnston et al., 2001), enables the user to select a range of input options 
including source (hatchery or wild) and cost of spat, cultivation area and methods, 
grow out times, number of employees and wages, size and price at harvest. The model 
then calculates the required number of culture units and a variety of economic 
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indicators including overall profit or loss of establishing a new oyster enterprise. A 
series of modelling scenarios for oyster production using wild and hatchery bred  S. 
glomerata as well as triploid  C. gigas  was developed (Ogburn, 2007a). Key profit 
drivers for the various oyster production modes are shown in Table 1.  
 
Table 1.  Key profit drivers for various oyster production modes using a 2 FTE employee enterprise 
Mode of Production Production cost / 
dozen 
Bags / Year 
Scrape-off State Average Grades  $8.33 222 
Scrape-off Premium Growers $9.14 200 
10¢ wild  S. glomerata juveniles $6.70 370 
Sydney rock oyster company  nursery stock $7.76 251 
Triploid  C. gigas  $6.10 323 
 S. glomerata Plate Oyster price / dozen $7.09 
Triploid Premium Plate Oyster price / dozen $7.41 
 
The modelling process is not meant to be accurately predictive of economic 
performance within a real oyster operation but has been developed to provide 
comparative performance of different modes of production. Key assumptions were 
pricing inputs for spat as at 2007 and an ‘enterprise’ using two full-time equivalent 
(FTE) employees. Farm castings and other modelling inputs are described in Ogburn 
(2007a).  
 
Time to harvest is assumed to be 42 months using wild caught spat oysters; 24 months 
using the selected  S. glomerata strain (Nell and Perkins, 2005a); and 12 months for 
triploid  C. gigas  (Ogburn, 2007a). The scenario comparison demonstrates that oyster 
growth rate is a major driver in profitability, measured by productivity and production 
cost, of an oyster farming enterprise. Economic risk needs to be carefully considered in 
an analysis of NSW oyster enterprises and their competitiveness with expanding 
interstate oyster producers (Tasmania and South Australia) which solely produce fast 
growing hatchery bred  C. gigas . This is a key risk for enterprise viability in the NSW 
oyster industry. 
 
A caution is noted in interpreting outputs from the model which appears to be overly 
conservative in costing operating and capital costs and depreciation and limited in 
function. For example, no current oyster business in NSW is a ‘Greenfield site’ and 
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consequently a large component of the infrastructure is fully depreciated. The model 
does not accommodate this scenario. Theoretical profits can only be generated using 
unrealistically low labour inputs. Validation of the model using a realistic business 
scenario returned a business net-loss which did not reflect the real world as noted by a 
number of oyster farmers (Tony Troup, personal communication, July 2006). It was 
recommended that DPI review the Oyster Profit Financial Model to ascertain its 
validity and useful application to the NSW oyster industry (Ogburn, 2007a). 
 
3.5   Farm Area Requirement and Oyster Growth  
Another important relationship to note in this discussion is farm area requirement in 
relation to oyster growth rate. Based on the algorithm used in the economic model, 
calculations in this work derived the relationship for the number of culture units 
required to produce a given quantity of oysters as a function of time-to-harvest (50 g 
whole weight). Reducing the grow out time from 42 months to 24 months reduces the 
amount of required culture units, and therefore area, by almost 50 per cent to produce 
the same amount of oysters (see Figure 5). This relationship has clear implications for 
future fisheries management computations of sustainable area allocation, as the 
industry transitions to faster growing hatchery bred oysters for triploid  S. glomerata 
and  C. gigas. This risk is examined in Chapter 6.  
 
Figure 5.  Relationship between time to oyster crop-harvest and required number of culture units 
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3.6   Diversification of Species to Manage Risk 
Diversification of production options can help spread commercial risk for growers. 
Increasing alternative modes of production as opposed to intensification, which infers 
an increased commitment to invest in one option, can also provide another mode of 
resource utilisation. Diversification of species to be farmed on NSW oyster leases 
offers a range of potential benefits, including: 
• improved resilience to market fluctuations;  S. glomerata and  C. gigas  markets 
suffer from ongoing price-cutting, particularly at peak selling times   
• greater insurance against crop failure;  C. gigas  is resistant to QX and Winter 
Mortality disease which can have a major impact on S. glomerata 
• triploid  C. gigas  can reach maturity within 12 months which boosts 
profitability 
• niche market potential for a product that is uncommon, such as flat oysters 
• new market opportunities; for example Akoya pearl oyster (O’Connor et al., 
2003) and the estuarine clams Tapes dorsatus and Katelysia rhytiphora (Nell 
and Paterson, 1995). 
 
A small industry with considerable potential for expansion is developing around the 
cultivation of the native O. angasi in southern NSW estuaries (Heasman et al., 2004). 
O. angasi  is a popular species in Hong Kong and other Asian markets and consequently 
offers potential for the future. Management of Bonamia sp. is a risk factor to consider 
in farm operations. This risk appears to be best controlled through low stocking 
densities and distance between leases farming flat oysters (Heasman et al., 2004). 
 
During the last decade, trials also commenced with the native Akoya pearl oyster, 
Pinctada imbricata in Port Stephens. It is endemic along the NSW coast. Like the flat 
oyster, it is primarily a subtidal oyster commonly found in the marine dominated areas 
of estuaries and has a low tolerance to freshwater run-off. Trials in Port Stephens over 
the last five years have demonstrated that, in suitable NSW estuarine areas, world 
class Akoya pearls greater than 8.5 mm diameter can be produced (O’Connor et al., 
2003). One company reported considerable success in the early stages of 
commercialisation of Akoya pearl production on  S. glomerata leases in Brisbane Water 
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(Broken Bay Pearls, 2005) and received a Commonwealth Technology Innovation grant 
to assist them in their planned expansion. 
 
3.7   Conclusion 
The results in Chapter 3 demonstrate that policy based on a risk assessment 
framework optimise outcomes for strategic management of the NSW oyster industry. 
The two principal oyster species cultured in NSW –  S. glomerata and  C. gigas  – are 
euryhaline species that grow well in estuarine environments. Breeding programs for 
both species have resulted in significant improvements in growth rates and also 
disease resistance in the case of S. glomerata.  C. gigas  is not affected by major 
diseases of S. glomerata. The commercial development of ‘mated’ triploid  C. gigas  
protects against potential risk to biodiversity by avoiding escape of progeny of cultured 
stock to wild populations in NSW. A key finding in Chapter 3 was comparative 
economic modelling results which predicted that by reducing the grow out time from 
42 months to 24 months for  S. glomerata significantly improved potential returns in 
terms of unit cost and production output. The amount of required culture units, and 
therefore area, is also reduced by almost 50 per cent to produce the same amount of 
oysters with this shorter culture period. Furthermore, triploid  C. gigas  with a grow 
out period of 12 months reduced the gross production costs by approximately 30 per 
cent and lifted per annum production output by over 40 per cent compared to wild 
caught  S. glomerata spat. These are key drivers for consideration in a risk analysis of 
economic and sustainability objectives of the NSW oyster industry. 
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CHAPTER 4 – ESTUARIES AND OYSTERS 
 
4.1   Introduction 
In understanding the options and limitations for a resource management framework 
for the oyster fishery, integration of ecological information across disciplines is 
important. The purpose of Chapter 4 is to describe the estuarine ecosystem in which 
oysters are found, and review the way in which estuarine processes interact with the 
oyster species of commercial importance on the east coast of Australia. An 
understanding of these processes can assist in site selection risk assessment to reduce 
the effect of uncertainties on the economic, social, cultural, human health and 
environmental sustainability objectives of the NSW oyster industry. 
 
Section 4.2 examines the geomorphic structure and coastal and estuarine processes 
controlling the environment in which oyster farming is undertaken. This provides the 
basis for developing a site suitability risk assessment framework using a system 
approach in Section 4.4.  
 
In Section 4.5 and 4.6 a quantitative risk analysis of temperature and salinity criteria 
using case studies is developed to enable a better understanding of risk profiles within 
estuaries based on these criteria.  
 
4.2   Biophysical Structure and Function of the Estuary 
4.2.1   Definition of Estuary 
There are many different definitions of estuaries, often depending on the legislative 
definition under which they are made (Pierson et al., 2002; Elliot and McLusky, 2002). 
Ryan et al. (2003) recognised that no one definition of an estuary adequately spans all 
disciplines related to the study of coastal environments. For the purposes of this study 
an estuary is defined as: 
…a semi-enclosed coastal body of water that extends to the effective limit 
of tidal influence, within which sea water entering from one or more free 
connections with the open sea, or any other saline coastal body of water, is 
significantly diluted with fresh water derived from land drainage, and can 
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sustain euryhaline biological species for either part or the whole of their life 
cycle (Perillo, 1995) 
 
4.2.2   The Estuary Environment 
Estuarine systems are complex, highly valued and linked to other ecosystems (Pierson 
et al., 2002). Estuaries are a focal point for a wide range of human activities of 
increasing social and economic importance. In NSW, this has included the oyster 
fishery for at least the last 8,000 years (Bailey, 1975). The semi-enclosed basin provides 
an area that is relatively sheltered, with a complex interplay of physical, chemical and 
biological processes, all of which are influenced by the marine environment and the 
surrounding catchment (Townend, 2002). Benthic and pelagic plankton dominate the 
primary productivity of estuarine waters. Benthic primary producers include intertidal 
saltmarsh and mangroves; seagrasses and some macro-algal communities occur in 
shallow subtidal waters. The NSW estuarine climate ranges from warm-temperate at 
the Queensland border to cool-temperate near Victoria with mean annual ocean 
temperature ranging from 22.7° C in the north to 18.2° C in the south. Rainfall is highly 
variable and is strongly influenced by El-Nino Southern Oscillation (ENSO) and longer 
decadal cycles such as the Pacific Decadal Oscillation (PDO) (Power et al., 1999). There 
is slight summer dominance in the north and winter dominance in the south. NSW 
coastal annual rainfall averages between 900 and 1600 mm (at Tweed Heads) per year. 
The coast has maximum spring tidal ranges of approximately 2.0 m. Tides are semi-
diurnal and have a pronounced diurnal inequality in which successive high tides differ 
markedly. Within NSW estuarine water bodies, tidal range and exchange is diminished 
and controlled by a range of geomorphological factors including entrance conditions, 
plan form of the estuary, and the area and bathymetry of the estuary. Southerly and 
westerly winds and strong onshore north-easterly summer sea breezes dominate wave 
action. Their effect on generating wind driven waves is controlled by the size and 
alignment of the estuarine water body and the relief of the surrounding terrain (Roy et 
al., 2001). 
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4.2.3   Coastal Geomorphology 
Coastal systems, and particularly estuaries, typically undergo more rapid and dramatic 
changes than any other ecosystem as a result of geological processes (Townend, 2002). 
NSW estuaries are no exception. During Quaternary glacial periods, when sea levels 
were 120 m below the current level, the coastal zone was located on the continental 
shelf seaward of its current position. During periods of high sea level, as today, coastal 
valleys were drowned to form estuaries, which subsequently began filling with 
sediment from the land and from the sea (Roy et al., 2001). This cut and fill cycle has 
been repeated many times (Roy et al., 1980; Roy, 1984), with the most recent phase of 
estuarine sedimentation commencing when the modern estuaries of the NSW 
coastline, broadly speaking, attained their present form approximately 6,500 years ago 
during Holocene (Attenbrow, 2002). There is also evidence that suggests the late 
Holocene sea level may have oscillated over perhaps several metres (Baker and 
Haworth, 2000). Since then, rates of infilling of individual valleys have varied widely 
depending on the sediment load carried by rivers and the hydrodynamic and coastal 
process conditions that transport oceanic sediment into the estuary mouth (Roy, 
1994). 
4.2.4   Entrance to the Estuary 
A common metric used in coastal process studies of estuaries is the tidal prism which 
refers to the volume of water moving past a fixed cross-section during each flood tide 
or ebb tide, i.e. slack water to slack water (Heggie, 2006). The tidal prism of an estuary 
varies spatially and temporally. A controlling feature is the estuary entrance. In their 
natural, pre-European state, NSW estuaries may be grouped according to their 
entrance conditions (and salinity regimes) into two main types (Roy et al., 2001): 
• estuaries with large permanently open entrances allowing full tidal exchange 
such as the Hawkesbury River (Figure 6)  
• a much larger group of estuaries, with much smaller entrance channels, in 
which tidal exchange was impeded to varying extents by shoaling sand deposits 
in the estuary mouth and where the degree of ‘openness’ depended on 
dynamic coastal processes including littoral transport, exposure to ocean waves 
and fluvial discharge such as Wallis Lake (Figure 6).  
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The degree of ‘openness’ is also influenced by climatic fluctuations on decadal 
timescales, some related to the PDO, affecting long-term rainfall patterns. As a 
consequence of these dynamic controlling factors on coastal geomorphology, even 
large estuaries such as the Clarence River area was at risk of having closed entrances 
for months at a time, while moderately large barrier estuaries, such as Wallis Lake 
would have been closed for years (Roy et al., 2001). Since European colonisation, many 
NSW estuaries with constricted mouths have been permanently changed by the 
construction of training walls and maintenance dredging at their mouths to mitigate 
sand infill and shoaling from coastal littoral transport processes and storm events. 
About 70 of the coastal lakes and lagoons in NSW alternate between being open or 
closed to the ocean (NSW DPI, 2005a) and are known as Intermittently Closed and 
Open Lakes and Lagoons (ICOLLs). Some estuaries remain naturally open, while others 
have training walls at their entrances that keep them permanently open, resulting in 
typical water residence times of 20 to 100 days (Heggie, 2006). There are always 
community and fishing industry pressures to open closed coastal lake and estuary 
mouths. 
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Figure 6.  (a) Three main types of estuaries in NSW showing idealised sediment distributions in plan and 
cross-section view.  Tidal ranges are shown in relation to the ocean tide which varies from 1.5 
m on neaps to 2.0 m on springs 
 (b) Example of a mature, in-filled estuary at which stage the riverine channel zone is the 
dominant estuarine environment and the estuary overall may be considered to be ‘River 
Dominated’ (from Roy et al., 2001) 
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Estuarine maturity also controls entrance conditions. All estuaries follow similar 
evolutionary paths as they infill with sediments; water areas and depths decrease with 
time and as a result hydrological and biological communities change (Roy, 1984). Roy 
et al. (2001) define four stages of succession (maturity) in estuary evolution associated 
with infilling or shoaling of estuary systems. Immature (unfilled) wave-dominated 
estuaries are characterised by freshwater and sediment run-off, restricted entrances, 
poor flushing and small tidal ranges. Flushing is the replacement of the existing 
freshwater accumulated in an estuary by the river discharge and tidal exchange 
(Heggie, 2006). A comparatively large, low energy central basin is a characteristic 
feature of immature estuaries (Heap et al., 2004). In extreme cases such as the 
Clarence, Hunter and Shoalhaven estuaries the water surface area has contracted in 
size, in the last 3–4 thousand years, at estimated rates of 2–5 ha·yr-1 (Roy, 1994). 
Concomitant rapid evolution of the estuarine ecosystem would also be anticipated to 
occur. 
4.2.5   Types of Estuaries 
Roy and Boyd (1996) suggest there are relatively distinct groups of estuaries in NSW, 
based on their geomorphology: 
• bays – ocean embayment such as Botany Bay 
• tide-dominated estuaries – drowned river valleys such as the Hawkesbury and 
Clyde rivers 
• wave-dominated estuaries – barrier estuaries such as Lake Macquarie and 
Wallis Lake; barrier lagoons such as the Broadwater; inter-barrier estuaries 
such as Port Stephens 
• intermittent estuaries – saline coastal lagoons such as Smiths, Tuross and 
Wonboyn lakes 
• freshwater bodies – brackish barrier lakes such as Myall Lakes; back swamps 
such as Everlasting Swamp on the Clarence River. 
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4.2.6  Geomorphic Indices of NSW Oyster Producing Estuaries  
The volume and area of NSW oyster producing estuaries were calculated using GIS 
area-bathymetry calculations and are presented in Table 2. This Table shows that Port 
Stephens is by far the biggest estuary in NSW followed by the Clarence, Georges and 
Hawkesbury Rivers. The latter two estuaries are heavily impacted by Sydney’s urban 
development while Port Stephens is under considerable pressure from development. 
 
Table 2.  Estuary type, volume and area for larger NSW oyster producing estuaries (Source: Roy et al., 
2001; DPI) 
ESTUARY 
 
Estuary
Type 
Evolution 
Stage 
% 
Infill 
Estuary 
Area 
(ha) 
Estuary 
Volume 
(MLx10) 
Catchment 
Area 
( km2) 
% 
Nat. 
Veg. 
Exchange 
Time 
(days) 
Tweed  III/5 D  373 1066 1032 30 115 
Brunswick  III/5 D  338 821 492 10 43 
Richmond  III/5 D  472 2157 6751 41 85 
Clarence  III/5 D  13347 26540 22660 55 125 
Bellinger  III/5 D  860 1814 3232 54 16 
Nambucca  III/5 D  1227 1632 1460 25 55 
Macleay  III/5 D  3220 5584 11450 55 41 
Hastings  III/5 D  2915 6482 4530 48 26 
Camden Hav. III/5 B  2783  440   
Manning  III/5 D  3294 8144 8420 76 88 
Wallis Lake III/5 A  9136 19299 1420   
Karuah R. II/3 C  3876  2200   
P.  Stephens II/3 A  13714 54263 4950   
Hunter  III/5 D  2418 7250 21332   
Bris. Waters III/5 A  2743 8918 170   
Hawkesbury  II/3 C  5483 21178 22287  15 
Georges  II/3 B  6499 26571 1890   
Crookhaven  III/5 C  858 1238    
Clyde  II/3 B 36 1893 2656 3260   
Moruya  III/5 D 98 552 552 1445   
Tuross Lake III/5 C 61 1426 1586 1816   
Wagonga  III/5 A 16 673 2680 97   
Nelson Lake III/5 C 76 109 109 31   
Wapengo  III/5 C 55 270 270 73   
Merimbula  III/5 B 38 472 1210 48   
Pambula  III/5 C 75 338 338 299 75  
Wonboyn III/5 A 17 373 373 320 95  
 
Terminology used:  
Estuary group: II = tide dominated estuary; III = wave dominated estuary 
Evolution stage: A = youthful, B = intermediate, C = semi-mature, D = mature  
Type: 3 = Drowned valley estuary; 5 = Barrier estuary 
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4.2.7   Estuary Structure  
Roy et al. (2001) describe the south-east Australian estuary as a system comprising 
four functional units or geomorphic zones.  From seaward to landward these zones 
are:  
1. Marine flood tidal delta – a tidal entrance that, to varying degrees, modulates 
salinity fluctuations and provides access for migratory fish and facilitates 
recruitment of larvae and phytoplankton 
2. Central mud basin – a zone of organic-rich muddy sediment in moderately deep 
water – mainly corresponding to the central mud basin zone that acts as a 
‘factory’ for nutrients promoting primary production in the overlying water and 
acting as a repository for contaminants 
3. Fluvial delta – shallow water and intertidal zones (the fluvial delta and low 
energy parts of the marine tidal delta) 
4. Riverine channel and alluvial plain – a conduit zone carrying freshwater, 
sediments, nutrients and contaminants from the land.  
 
These geomorphic zones are present to varying degrees in most estuaries but some 
are occasionally absent. For example, fluvial deltas are virtually absent in estuaries 
such as Tilligerry Creek in Port Stephens because of the restricted catchment area (Roy 
et al., 2001). 
 
One of the major regulators of estuarine productivity is the areal extent of the central 
mud basin and the vegetated zone around the estuary margins. Other factors 
influencing productivity include river discharge and tidal exchange, which flush 
nutrients and sediments out to sea (Eyre, 1998) and upstream; and surrounding 
catchment supply of nutrients. Characteristic biological and sedimentological 
attributes of the four zones have been summarised by Roy et al. (2001) (Table 3).  
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Table 3.  Characteristic biological and sedimentological attributes of estuary geomorphic zones (after 
Roy et al., 2001) 
Geomorphic Zones Geological and Biological Characteristics 
Marine Tidal Delta 
(MTD) 
Quartzose sand and subordinate amounts of mud; shoals and channels 
Seagrass in photic zone, occasional toxic algae when blooms occur in 
adjacent ocean waters. 
Central Mud Basin 
(CMB) 
Higher turbidity from river silt and clay, dark anoxic mud, shell and organic 
material which decline as estuary matures; extensively bio-irrigated by 
molluscs, polychaetes and crustaceans; mostly un-vegetated except in 
fringing sandy shoreline facies; may contain biohermal shell banks. 
Fluvial Delta 
(FD) 
Most complex association of physical settings and ecological habitats 
where rivers and stream enter the estuary and deposit sediment load; wide 
range of sediments, often extensive intertidal areas with associated fauna 
and flora. Seagrasses may occur in shallow, more stable areas. 
Riverine Channel 
(RC) 
Bounded by the maximum landward extent of brackish water during 
droughts and elongated in larger rivers. Typically sandy with channel banks 
vegetated by the reed Phragmites australis; seagrass and saltmarsh are 
rare; sandy point meander bends mirrored by undercutting on opposite 
shore; bank erosion has been exacerbated due to riparian vegetation 
clearing and poor agricultural and engineering practices adjacent alluvial 
plains typically blanket acidic pyrite bearing subsoils. 
 
 
These geomorphic zones are associated with characteristic average biophysical 
properties and these are presented in Table 4. 
 
Table 4.   Estuary Zonation and Average Biophysical Properties (After Rochford, 1951) 
Functional Unit Salinity 
Range 
(ppt) 
Temperature 
Range 
(o C) 
Total Phosphorus 
(µg L-1) 
Nitrogen 
Concentration 
(µg L-1) 
Marine Tidal Delta 30–35 5 10–23 < 25 
Central Mud Basin 20–30 7 30–80 < 25 
Fluvial Delta 10–20 10 15–50 100 
Riverine Channel < 10 10–15 10–25 500 
 
4.3   System Approach to Oyster Sites in NSW  
The structure of estuaries has a direct relationship to ambient water quality. The 
impact of anthropogenic catchment activities may also profoundly affect areas within 
the estuary. Growth of bivalves is affected by environmental variables such as 
temperature, food availability, water flow rate, immersion time and stocking density 
(Shumway, 1996). Of all the abiotic factors that can affect an estuarine organism such 
as the oyster, the synergistic effects of temperature and salinity probably are most 
profound (Shumway, 1996). Temperature or salinity affects virtually every aspect of 
oyster biology including growth, distribution, feeding, respiration, gonadal 
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development, time of spawning and parasite disease interactions (Shumway, 1996). In 
this section Temperature and Salinity models are developed to assist site suitability 
analysis for oyster farming in NSW estuaries. Abiotic factors such as catchment run-off, 
tides, winds and temperature can also have dramatic effects on the estuarine 
environment. These factors vary spatially and temporally within the estuary. Oyster 
lease areas in NSW estuaries show significant spatial variation in relation to the plan 
form of the estuary and their respective location to the estuary entrance. The NSW 
oyster industry has used the spatial variations in estuarine environments for various 
stages of the farming cycle. The estuary geomorphic structure, and its associated 
ambient water quality features, has long been recognised as a means of optimising 
production of S. glomerata. This is achieved by moving the oysters from one location 
to another within the estuary during the life cycle of the crop. These different stages in  
S. glomerata crop production are described in Chapter 5. Their respective locations in 
the estuary are shown stylistically in Figure 7. It is also worth noting the highly 
restricted entrance in this example which has been implicated in mass oyster 
mortalities in this estuary in the past (Ogburn et al., 2002). Growing areas are typically 
sites, which have limited oyster overcatch of S. glomerata. Finishing areas are sites 
where fattening of oysters to prime condition for harvest occurs. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.  Stylistic location representation of the different stages of the growing cycle for Sydney Rock 
Oyster within Wonboyn estuary on the NSW south coast (MTD = marine tidal delta: MB = 
Mud Basin: FD = Fluvial Delta) 
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4.4   Risk Analysis for Oyster Farming Areas 
Since its inception in the 1870s, the NSW oyster industry has undertaken extensive and 
ongoing commercial assessment of sites that appeared to the ‘experienced industry 
eye’ to be suitable for oyster aquaculture. Much of this process took place in an era 
where there were few productive uses, other than fisheries, for the State’s estuarine 
waterways, and urban development on estuary foreshores was relatively limited. This 
process of commercial assessment was often dynamic, with the suitability of sites 
often changing as industry cultivation practices evolved in each estuary (see Chapter 
5). The assessment of areas suitable for oyster aquaculture has been restricted in this 
study to those areas that were held under an oyster lease in 1980 issued under the 
Fisheries and Oyster Farms Act 1935 and any lease issued over previously unleased 
areas since that time either under the Fisheries and Oyster Farms Act 1935 or the 
Fisheries Management Act 1994. No criteria for establishing suitability of sites for 
oyster leases were specified in these Acts. 
 
Figure 8 summarises a site suitability framework for oyster farming areas developed in 
this work for the NSW Oyster Industry Sustainability Strategy (NSW DPI, 2006). This 
illustrates the range of factors that can be considered in evaluating sites for oyster 
farming. In the State of NSW, from an oyster farming perspective, suitable and 
available oyster lease sites have historically been determined in all 38 oyster farming 
estuaries during the last 135 years by oyster farmers. Consequently, attributes of lease 
areas within estuaries are relatively well determined by local industry historical 
knowledge but were not previously documented in a formal planning and risk analysis 
sense (see Chapter 11). As discussed in Chapter 2, risk assessment is a useful basis for 
informed debate, policy decisions and governance regarding risk issues within 
communities. Open market access to the leases may also help determine optimal 
areas; subject to management controls (see Chapter 12). 
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Figure 8.  Site suitability assessment framework for oyster leases (Ogburn, 2003) 
 
4.4.1   Site Suitability Index 
Site selection is the first step, and generally most critical, in risk analysis for 
establishing a sustainable aquaculture facility (Stone et al., 2000). The appropriate 
location of an aquaculture facility is one of the most effective enterprise risk 
management tools available (Ogburn, 2007b). Appropriate site selection for an oyster 
lease can deal with potential risks in the following way: 
1. Decrease the risks of contaminated product 
2. Reduce the need for technically based environmental mitigation measures and 
costly ongoing management and monitoring measures  
3. Substantially reduce costs of establishment and operation  
4. Reduce levels of public scrutiny or inconvenience  
5. Streamline approval processes 
6. Fundamentally improve overall viability of the project. 
 
Various methods have been employed to determine suitable sites for shellfish culture. 
One approach is the Habitat Suitability Index (HSI), which deals with habitat 
relationships of single species and has been used for the management of fish and 
wildlife habitats, for the assessment of environmental impacts and for mitigation of 
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resource conflicts. Brown and Hartwick (1988) developed an HSI model for optimising 
productivity for suspended tray culture of  C. gigas  in North America. They used 
existing biophysical data employing ten criteria including: 
• temperature 
• available food 
• suspended sediments 
• water movement 
• disease  
• fouling organisms 
• predators 
• salinity 
• oxygen  
• pH.  
 
These criteria were used to assess new ‘greenfield’ areas for  C. gigas  aquaculture 
potential based on growth, survival and water chemistry indexes. Despite differences 
in chlorophyll-a between sites there was similarity in  C. gigas  growth and they 
concluded that estimates of productivity could be made provided that a longer-term 
baseline database was used. 
 
Fleury et al. (2001) monitored mortality, growth and quality criteria, specifically the 
level of infestation by mudworm and an index equal to the wet weight of drained flesh 
/ total weight of the oyster6, for various existing French oyster farming areas, to 
provide assessment of rearing results over six years. They found mortality was the 
most important parameter for juveniles, with significant variance between areas / 
regions and between years, particularly when high blooms of the toxic phytoplankton 
Gymnodinium sp. occurred. Growth varied between years and between sites with 
heterogeneity in mortality and growth rates due to influence of river estuaries, sea 
temperature (±30 C) and rainfall (±100 mm) with reported ±10 g variation in oyster 
weight between sites in a year. The variation in oyster quality and Polydora sp. 
                                            
6  This commercial index sorts oysters into three classes: special with an index over 9; fine with an 
index between 6.5 and 9 and not classified with an index under 6.5 (AFNOR, 1985). 
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infestation made it difficult to see distinct patterns due to heterogeneity between 
sites. They concluded that such an approach is essentially descriptive and may serve as 
an indicator of unusual trends for evaluation by industry and managers.  
 
Le Moine et al. (1998) examined chronic abnormal oyster mortalities, clustered on 
oyster leases in the Bay of Marennes-Oléron, using spatial mapping of environmental 
parameters. They concluded that although technically feasible, the study 
demonstrated the need for appropriate sampling strategies that consider the highly 
variable characteristics of the environment within an estuarine ecosystem. Soletchnik 
et al. (1999) noted the usefulness of this approach in understanding local 
hydrodynamic phenomena and studying carrying capacity assessment over shellfish 
leasing grounds. (see Chapter 6). 
 
A potentially useful parameter that has not been widely studied in NSW is the oyster 
biomass production rate (Underwood et al., 2002), defined as the total increase in 
weight of oysters over a given time period. Biomass production rate takes into account 
both survival rate and the annual growth of oyster stock. It is also a function of age. In 
the French oyster fishery the reference figure is two (2), which means the biomass 
doubles, for oysters growing from 18 to 30 months (Fleury et al., 2001). For example, a 
6 kg bag of oysters at 18 months will produce 12 kg of oysters at 30 months. Holliday 
(1995) achieved a biomass production rate of 3.4 at both North Arm Cove and Swan 
Bay in Port Stephens over 12 months, starting with an initial 4.0 g  S. glomerata spat, 
approximately 12 months old. Development of such a reference figure could make a 
useful and easily measured comparative performance measure within and between 
NSW oyster estuaries for the  S. glomerata industry.   
4.4.2   Seston and Water Current Dynamics 
The yield of oysters, defined as weight per unit area / volume, is a function of the 
primary productivity of an estuary. This in turn is partly controlled by the nutrient 
budget available for phytoplankton growth. The major nutrients that govern 
phytoplankton growth are phosphorus and nitrogen (Shumway, 1996). The Manning 
River, for example, has 230 tonnes of phosphorus and 2200 tonnes of nitrogen cycled 
through the estuary on average each year (Greater Taree City Council, 1997). Over half 
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the phosphorus and two thirds of the nitrogen comes from the ocean. The rest comes 
from the catchment. A balanced Carbon: Nitrogen: Phosphorus mass ratio for 
phytoplankton growth when nutrients are not limiting is considered to be 
approximately 106:16:1 and is referred to as the ‘Redfield ratio’ (ANZECC, 2000). 
 
Chlorophyll is a potential measure of available phytoplankton. Typical levels in 
Tasmanian oyster leases appear to be in the range of 0.5–4 µg·L-1 (Crawford, 2003). 
Mean chlorophyll level in the Manning River, near oyster leases, was reported as 2.6 
µg·L-1 (Greater Taree City Council, 1997). Chlorophyll-a concentrations, measured in 
the Clyde River from January 2003 to July 2005, averaged 1.4 µg·L-1and ranged from 
0.5–4.7 µg·L-1. Similar data in the Crookhaven River from August 2004 to July 2005 
averaged 1.5 µg·L-1 and ranged from 1.1–2.2 µg·L-1 with average spatial variability 0.7–
3.7 µg·L-1 with high values a consequence of run-off after rain events (Ana Rubio, ANU, 
personal communication, October 2005). These were similar to levels found in five 
oyster growing areas in Tasmania (Crawford & Mitchell, 1999). 
 
The season also profoundly affects productivity within an estuary. For instance, Bayne 
(2002) reported that particulate organic matter, organic matter percentage and N: C 
ratio of plankton was reduced by approximately 50 per cent from late summer through 
to winter in the central mud basin and fluvial delta regions of the Port Stephens 
estuary. 
 
Interaction of moving water with bivalves is also an important phenomenon (Dame, 
1996). Tidal and wind driven currents and catchment run-off create most water flow in 
estuaries. Filter feeding bivalves require sufficient water motion to bring in new 
supplies of suspended food and take away waste. Grizzle et al. (1992) observed that it 
is generally siphonate bivalve species that exhibit a positive response to water flow 
whereas non-siphonate bivalves, such as S. glomerata, show a negative response to 
flow above a certain velocity. 
 
Oysters can modulate their feeding activity in response to ambient seston 
concentration. In studies of the eastern oyster, the animal is closed 65 per cent of the 
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time in particle free water7 and is not stimulated to feed when exposed to suspended 
particle concentrations below 1 mg L-1. At suspended particle concentrations between 
5 and 10 mg L-1 clearance rates are maximal and particle capture starts to exceed the 
rate of particle ingestion. Clearance rates decline when particle concentrations exceed 
25 mg·L-1 and cease at particle concentrations greater than about 75 mg L-1 (Newell 
and Langdon, 1996). Similarly, O. edulis demonstrates a decrease in capture efficiency 
for phytoplankton, Isochrysis galbana, as cell concentrations increase from about 
2,000 to 480,000 cells ml -1 (Wilson, 1983). Typical average dry suspended solids > 0.70 
µm water column concentrations in oyster growing areas in NSW estuaries under 
‘normal’ conditions are 4.3 mg L-1 (Nell and Wisely, 1984).  
 
Using different mixtures of silt and phytoplankton, Barille´ et al. (1993) showed that C. 
gigas adjusted its capture efficiency in response to seston quantity, but not quality. In 
field experiments at high seston concentrations (64.4 mg L-1) oysters could only 
capture particles >12 µm at 100% efficiency. The authors suggest that C. gigas controls 
the inter-filamentary spaces of the ctenidium as a compensatory response to high 
sestonic loads. Similar trends have been reported for the oyster, C.virginica (Palmer 
and Williams, 1980). An outcome to adjustments of ctenidal morphology to affect 
capture efficiency may occur over longer temporal scales (months, years). The mass of 
the ctenidium and the ctendium-to-labial-palp ratio of C. gigas is variable over time 
(Honkoop et al., 2003). Oysters from high-turbidity regions of the French Atlantic coast 
have smaller ctenidia and larger labial palps than individuals from low-turbidity regions 
(Barille´ et al., 2000). Length of the laterofrontal cirri of ordinary filaments tended to 
be longer in oysters from high-turbidity regions, but no significant differences were 
found. Such morphological plasticity of C. gigas may result in functional changes in 
capture efficiency, clearance rate and particle selection in response to ambient seston 
concentrations. Selective grazing, based on size or other cell properties (Targett and 
Ward, 1991; Hernroth et al., 2000), could significantly impact phytoplankton species 
composition in near-shore waters. Knowledge of the types of phytoplankton that 
bivalves do and do not remove from the water column is important for a full 
understanding of the degree to which these suspension feeders couple the benthic 
                                            
7  This has obvious efficiency implications for oyster activity in tank depuration systems in NSW.  
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and pelagic habitats, exert top-down control on phytoplankton populations and impact 
food web dynamics of near-shore waters (Ward and Shumway, 2004).  Studies 
reporting discrimination among different phytoplankton species of similar size, 
delivered at similar concentrations (e.g., Shumway et al., 1985), also support the idea 
that selection can be based on factors other than particle size. Although the 
aforementioned studies removed particle size as a potential factor in the selection 
process, differences in shape and surface properties still existed which could have 
affected particle sorting. Nevertheless, the above studies suggest that larger palps are 
associated with more efficient processing of particulate matter and are indeed a major 
site of particle selection. Ward and Shumway (2OO4) suggest numerous questions 
concerning the responses of bivalves to high turbidity, in terms of changes in palp size 
and function remain. 
 
Areas at risk of chronic or long-term high suspended solids concentrations, due to 
storm water run-off or chronic sediment resuspension, would not be generally 
considered suitable for oyster farming. In studies of the eastern oyster, Newell and 
Jordan (1983) compared the biochemical composition of food, faeces and pseudo-
faeces, which are material, rejected from the gills and palps before ingestion, and 
confirmed that oysters were capable of preferentially ingesting organic material and 
rejecting inorganic particles. Their results showed that the oyster could distinguish 
between algal cells and inorganic particles and preferentially ingested nitrogen-rich 
particles compared to carbon-rich particles. Sites within an estuary with optimal levels 
of suitable seston would generally be preferred for growing oysters. 
 
4. 5   Water Temperature Effects  
Oysters are poikilotherms whose body temperature conforms to that of the 
environment. Intertidal oysters may attain extreme body temperatures for short 
periods on exposure to the atmosphere in summer. The planktonic larval stage of the 
oyster is most sensitive to temperature and this generally forms the basis of limiting 
natural latitudinal distribution of oyster species (Gosling, 2003). In addition to 
geographical distribution limits, physiological rates of oysters may also vary over a 
latitudinal gradient. Butler (1953) has shown that for the eastern oyster, growth rate of 
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soft body tissue is greatest nearer the central domain of this species north-south 
range. He suggests oysters from the warmest areas produce the least amount of 
biomass per unit time and this is a result of higher food requirements accompanied by 
a presumed decrease in food availability (Butler, 1953). Dittman (1997) found that 
there was evidence suggesting that eastern oyster populations occurring in colder 
climates physiologically compensated for the slowing of standard physiological rates by 
increasing their metabolic rate, measured by ciliary activity, in colder water 
temperatures relative to individuals living in warmer water temperature regimes. 
Modelling for C. virginica populations shows that reproductive effort decreases with 
increasing latitude and that the timing of increases in food supply relative to rising 
temperature becomes more important. The model suggests that oyster reproductive 
patterns at higher, colder latitudes are characterised by discrete spawning pulses while 
continuous spawning becomes more frequent at lower, warmer latitudes (Hoffmann et 
al., 1992). This pattern has also been shown for pearl oysters on Australia’s east coast 
(Wayne O’Connor, NSW DPI, personal communication, March 2005). Definitive field 
research on growth rates of  S. glomerata along the NSW coastline has yet to be 
carried out. 
 
Ambient water temperature has a significant effect on the growth rate of S. glomerata. 
In a study to determine whether the large variation in size observed in cohorts of  S. 
glomerata is genetic or environmental in origin (discussed in Chapter 3) it was found 
that changes in growth rate are largely determined by initial weight and water 
temperature regardless of original size grading (Mason et al., 1998). 
 
It is noted that low primary productivity is one reason why large-scale oyster culture 
for human consumption in much of the world tropics –the region in which sea-surface 
temperature is taken to be ≥ ~18o C for the coldest month of the year – has not been 
particularly successful (Matthiessen, 2001). Growth may occur year round in the 
tropics, but so too does the incidence and growth of fouling organisms including 
juvenile oysters, which can smother the culture and become serious competitors for 
space and food (Matthiessen, 2001). Moreover, in tropical estuarine areas, seasonal 
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rains may cause an abrupt and relatively long-term drop in salinity and a sharp 
increase in turbidity, which may result in heavy oyster mortalities. 
4.5.1   Seasonal Temperature Profiles 
Averages of monthly water temperature from multiple sites in estuaries ranging from 
the Richmond River in the north to Pambula Lake in the south taken from 1966 to 1979 
(Wolf and Collins, 1979) are presented in Figure 9. Seasonal and latitudinal trends in 
monthly water temperature averages are apparent. Notably, Richmond River and Port 
Stephens have similar averages for summer months in spite of a difference of almost 
four degrees of latitude. 
 
 
Figure 9.  Mean monthly water temperatures for selected estuaries along the NSW coast (after Wolf 
and Collins, 1979) 
 
4.5.2   Estuary Temperature Profile – Case Study Port Stephens 
Monthly temperature profiles for 16 oyster lease areas across the Port Stephens 
estuary were analysed to look at trends within the estuary. A common perception is 
that water temperatures in the more oceanic (eastern) region (e.g. Tea Gardens) of 
Port Stephens are warmer during winter than upper estuarine (western) areas such as 
Karuah. Contrary to conventional belief, there was no significant difference (P < 0.01) 
between means for any of the sites across the estuary, so that average site water 
temperature differences between oyster lease areas in the estuary are small (Figure 
10).  
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Figure 10. Average ± 99 per cent confidence limits monthly water temperature for 17 sites in Port 
Stephens estuary  
 
4.5.3   Estuary Long-term Temperature Trends 
There is a clear trend in global warming over the last century and it seems likely that 
this trend will continue. There has also been an apparent worldwide increase in the 
reports of diseases affecting marine organisms (Harvell et al., 1999). To examine 
whether the sudden QX outbreak in the Hawkesbury River in 2004 (discussed in 
Chapter 8) was linked to changes in water temperature (Tony Underwood, pers. 
comm., June 2004), a comparison of mean monthly temperatures aggregated across 
the oyster farming area in the estuary, during the months of 2003 and 2004 leading up 
to the detection of the outbreak in April 2004, was made with water temperature data 
spanning the last 40 years. The results are presented in Figure 11 and there is no 
readily discernible pattern of difference in intra-month trends at this scale. 
10
12
14
16
18
20
22
24
26
1 2 3 4 5 6 7 8 9 10 11 12
M
ea
n 
Te
m
pe
ra
tu
re
 (C
)
Month
Port Stephens Estuary Average Monthly Water Temperature
(Ntot. =  10,574)
  60 
 
 
Figure 11.  Comparison of mean monthly water temperatures in Hawkesbury estuary over the last 40 
years leading up to QX outbreak in April 2004. 
4.5.4   Latitudinal Temperature Profiles 
Figure 12 and Figure 13 presents data for the number of months the average water 
temperature exceeds 22° C  and 18° C respectively,  for estuaries and coastal waters 
along the NSW coast in visual GIS format. This representation has been used to portray 
some sense of the length of the ‘growing season’ for oysters in each region. Coastal 
surface monthly water temperature averages have been determined for each degree 
of latitude and each estuary has been determined on a case-by-case basis. The first 
obvious feature is that coastal water temperatures have a significantly longer period 
above   18o C than do estuarine areas. This is due to the effects of the east coast 
Australian current bringing warmer waters from the north and the stored heat in the 
large oceanic water mass. The number of months that water temperatures are above 
22o  C is not greatly different between coastal and estuarine areas. Another feature of 
estuarine averages is the number of months (9 to 11 months) when estuaries 
approximately north of the Manning River have temperatures above 18o C. This 
compares to 6–7 months for the estuaries south of the Manning. The advantages of a 
potentially extended growing season in northern rivers suggests one reason why 
oyster farmers, from Port Stephens in particular, translocated oysters by road to leases 
in the northern region in autumn (Chapter 5). Other reasons were to avoid risk of 
Winter Mortality (Chapter 8) and to have oysters coming into ‘condition’ earlier in the 
season (August–September) in these northern estuaries. 
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Figure 12.  Number of months above 22o C for estuary and coastal waters  (Interpolated data for 
estuaries from Wolf and Collins [1979] and SQAP) 
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Figure 13.  Number of months above 18o C for estuary and coastal waters  (Interpolated data for 
estuaries from Wolf and Collins [1979] and SQAP) 
 
4.5.5   SRO Growth Rates versus Latitude 
Growth rate of ex-nursery (> 3 mm)  S. glomerata spat from the same batch of 
Generation 4  S. glomerata of the DPI selective breeding program (Nell and Perkins, 
2005a) was measured for 200 oysters on selected oyster leases in seven estuaries, on 
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each of five occasions, along the NSW coast from December 2003 to February 2005 
(data provided by Wayne O’Connor, NSW DPI, written personal communication, 
February 2005). The culture methods used were deliberately chosen to represent a 
cross-section of farming styles. Estimated time to harvest was computed using 
regression analysis in the form: 
Y = a x ebt ………… (1) 
 
Where Y = weight (grams); a = coefficient; b = exponential coefficient; t = time from 
settlement (months) 
 
The exponential regression curves were extrapolated to predict the time for oysters to 
reach harvest size (Y = 50 g) for each estuary and coefficients and predictions are 
shown in Table 5. 
    
Table 5.  Growth rate coefficients and correlation for selectively bred oysters (Generation 4) in seven 
estuaries over a period of 14 months. T represents the predicted time in months for oysters 
to reach market size (50 g) in each estuary based on respective growth curves 
Estuary  a B R2 T (months) 
Kalang 0.33 0.20 0.99 24 
Camden 0.56 0.25 0.98 18 
Wallis 0.24 0.26 0.98 21 
Shoalhaven 0.28 0.26 0.98 20 
Conjola 0.32 0.23 0.95 22 
Wagonga 0.2 0.26 0.87 21 
Merimbula 0.38 0.16 0.97 31 
  
 
The results of these predicted grow out times, as a function of latitude, are shown in 
Figure 13. Bubble size represents the size of the exponential growth rate coefficient, b, 
from the regressions. This varied significantly between estuaries with significant 
outliers (e.g. Kalang and Merimbula). Abnormal slow growth in Merimbula and 
Conjola, perhaps due to stock handling problems, resulted in outliers and contributed 
to a low correlation using mean predicted culture time (R = 0.19). The derived 
numerical relationship, depicted in Figure 14, for estimating oyster growth rate as a 
function of latitude predicts that 1 g hatchery  S. glomerata spat reach harvest size of 
50 g in approximately 32 months on the NSW far south coast (39o S) compared with 13 
months in south Queensland (27o S).  Variations in condition index and other governing 
factors would also affect marketability in faster growing areas. Understanding of 
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growth rates as a function of latitude may help reduce uncertainty in assumptions and 
improve precision in forecasting for business modelling purposes. 
 
 
Figure 14.  Growth rate (time to harvest = 50 g) of  S. glomerata hatchery stock (G5) in seven estuaries 
as a function of latitude. Bubble size = growth rate coefficient (Data Courtesy: M. Dove, DPI) 
 
4.5.6   Temperature Tolerance Limits 
Seasonal variation in water temperature may also present increased risk to survival of 
some oyster species. One example is winter temperatures (June–October) in estuaries 
which may limit the southern range of successful cultivation of the Akoya pearl. Water 
temperatures below 14o C might be lethal to Akoya (O’Connor and Lawler, 2004a). 
Winter temperature data-logging information for Narooma (Barlows Bay), Brisbane 
Water (Hardys Bay) and Inner Port Stephens (North Arm Cove) is presented in Figure 
15. Barlows Bay is a 10 metre deep site near the entrance to the estuary. In the case of 
Hardys Bay and North Arm Cove, Akoya oyster stock of 1 and 2 years old were farmed 
on leases where temperature monitoring was undertaken. The Akoya oysters survived 
the winter and maintained ‘normal’ growth (Wayne O’Connor, DPI, personal 
communication, October 2005). All three sites experienced temperatures below 13o C 
on some occasions during winter. Regression curves have been fitted to each data set 
in order to discern general differences between the estuaries. Regression curves for 
Hardys Bay and North Arm Cove are very similar, with winter minimum predicted at 
approximately 15o C. In the case of Barlows Bay at Narooma, the regression curve 
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minimum is approximately 13o C, suggesting that this site may be at the southern limit 
of viable Akoya pearl farming, at least during winter months. 
 
 
 
Figure 15. Winter water temperature profiles in 2004 for Port Stephens (North Arm Cove), Brisbane 
Water (Hardys Bay) and Narooma (Barlows Bay)   
 
4.5.7   Risk of Heat Kill 
Heat kill is another serious seasonal risk to intertidal oyster farming. Intertidal animals 
are exposed to their greatest extremes of temperature while in air. The combination of 
low midday tides combined with abnormally high (> 35o C) daytime air temperature 
may seriously impact oysters on intertidal oyster leases during summer. Leases may 
also be variably affected within an estuary, so lease location is important to assess this 
risk. In a study on heat mortality in S. glomerata, it was found that the tissue 
temperature of sun heated oysters rose rapidly by 23o C after only 90 minutes 
exposure (Potter and Hill, 1982). The use of pump driven sprinkler systems and shade 
cloth is typically employed to manage the risk of heat mortality in vulnerable areas. 
There is no difference in measured temperature increases between clean and muddy 
oysters (Potter and Hill, 1982). Cultivation techniques, including floating cultivation 
and vertically adjustable longlines, have also been developed in suitable locations to 
manage the risk of heat stress.   
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4.6   Salinity Effects 
Salinity is also an important factor in determining distribution of oysters and some of 
their predators and biofouling organisms. It is also influential on many oyster 
physiological rates (Dame, 1996). Salinities are fairly constant in the ocean at 35, 
though slightly higher in the tropics, particularly in arid zones. In estuarine regions 
salinity varies along a spatial gradient from freshwater in upstream areas to oceanic 
conditions. Salinity is a major variable in determining the water quality profile of an 
estuary and has been linked to biological zones (Bulger et al., 1993). Salinity within 
estuaries also varies due to seasonal and temporal river flow, circulation and 
freshwater run-off and evaporation. Location of stormwater drain outfalls and the like 
are also factors to be considered in assessing this risk to oyster growing areas.  
4.6.1   NSW Estuary Case Studies on Salinity 
The estuaries chosen for study were based on a number of factors, namely: the 
availability of a suitable data set, geographic spread, and relative importance in state 
production, size of estuary, catchment demographics and land use. Nine estuaries 
were selected, with Port Stephens divided into 4 sub-areas or estuaries, namely: 
Karuah, Tilligerry, Cromarty and, Tea Gardens. Table 6 provides relevant biophysical 
information for each of the study estuaries. 
Table 6.  Selected study estuaries and associated geomorphic, ecological and oyster fishery 
information 
Estuary Catch
ment 
Area 
(km2) 
Water 
Area 
(km2) 
Estuary 
Group 
Type1 
Maturity1 
Stages 
Infilling 
Sea 
Grass 
(ha) 
Man- 
Grove 
(ha) ) 
Salt 
Marsh 
(ha) 
Man-
Salt 
Lease 
Area 
(ha) 
Annual 
Produc
tion2 
(bags) 
Manning 8320 25 III/5 D 33 364 75  315 4,855 
Karuah 2200 3.8 II/3 C n.a. 272 372 176 109 N.A. 
Tilligerry   III/7 C 130 420 400 120 154 N.A. 
PS-Cromarty 4950  II/3 A 11 60 32 53 52 N.A. 
Tea Gardens 1660  III/7 C 314 258 273 46 58 N.A. 
Brisbane W. 170 27 III/5 A 550 160 90  208 8,923 
Hawkesbury 2150
0 
100 II/3 C 50 1110 110  436 16,798 
Crook 
Haven 
 7.9 III/5 C 70 280 140  230 2,294 
Pambula 299 12.9 III/5 C 80 50 20  112 821 
1  After Roy et al. (2001). Group II = Tide Dominated; Group III = Wave Dominated; Type 3 = Drowned 
Valley; Type 5 = Barrier Estuary; Type 7 = Inter-barrier Estuary. See section 4.2.5 for details 
2  Maximum 10 year average. See Chapter 6 for details 
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Salinity and temperature were measured by taking a < 2 litre surface sample and 
readings taken immediately onboard the boat with hydrometer and thermometer. 
Samples were collected in the program from designated sites within or adjacent to 
oyster lease areas as specified in each estuary Shellfish Program (see Chapter 9). The 
data used here was provided by the NSW Food Authority with permission from the 
Local Shellfish Programs (oyster farmers) for each estuary. Frequency of monitoring 
varied but was at least fortnightly and extended over 3 to 5 years. The data sets are 
described in Table 7. 
 
Table 7.  Description of estuary data sets used in the analysis 
Estuary 
(Courtesy: Oyster 
Farmers’ SQAP) 
Years for data set No. Zone sampling 
sites 
Total water 
Samples 
Manning 2000–2004 12 640 
Port Stephens 2000–2002 21 1318 
Brisbane Water 2000–2004 12 2912 
Crookhaven 2000–2004 7 309 
Pambula 2001–2004 4 192 
 
Estuary 
(Courtesy: Food 
Authority) 
Years for data set No. Zone sampling 
sites 
Total water 
Observations 
Tilligerry Creek 2002–2004 5 746 
Karuah  2002–2004 3 373 
Cromarty Bay 2002–2004 3 300 
Tea Gardens 2002–2004 5 752 
Hawkesbury 2002–2004 5 1130 
 
4.6.2   Analysis of Estuary Longitudinal Salinity Profiles  
A longitudinal study is one that involves the repeated observation or examination of a 
set of sites over time with respect to one or more study variables. Analysis of SQAP 
data for longitudinal salinity profiles within and between zones in the seven study 
estuaries was undertaken. Analysis for each designated zone included determination 
of means, coefficient of variation and 10th and 25th percentiles of salinity data. The 
vectors for each of these parameters were jointly subjected to Cluster analysis across 
the 53 sites. Cluster analysis is a multivariate technique for grouping individuals or 
objects into clusters so objects in the same cluster are more like each other than they 
are like objects in other clusters. Each cluster thus describes, in terms of the data 
collected, the class to which its members belong; and this description may be 
abstracted through use from the particular to the general class or type. Cluster analysis 
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is thus a tool of discovery. It may reveal associations and structure in data which, 
though not previously evident, nevertheless are sensible and useful once found 
(Everitt et al., 2001). The analysis was set to determine four resultant clusters using the 
Centroid method and squared Euclidean metric. 
4.6.3   Results of Cluster Analysis of Estuary Salinity Profiles  
The cluster analysis results are shown in Figure 16 and the corresponding centroid 
values for each of the functions in Table 8. 
Table 8.  Centroid values (salinity means, coefficient of variation and 10th and 25th percentiles of 
means) for each function for each of the four clusters and the corresponding geomorphic 
zone 
Cluster Salinity 
Mean 
Salinity 
10% 
Salinity 
25% 
Coeff. 
Var’n. 
Geomorphic Zone 
(Roy et al., 2001) 
Farming Unit 
1 21 6 16 40% Fluvial Delta Depot 
2 24 14 20 29% Central Mud Basin Fattening 
3 28 20 25 21% Central Mud Basin Fattening 
4 33 31 33 9% Marine Tidal Delta Catching 
 
 
Cluster 1 aligns with the fluvial delta geomorphic zone (Roy et al., 2001). These upriver 
oyster lease zones have widely and sharply varying salinity values as a result of 
freshwater inflows, typical of this geomorphic zone within estuaries. Clusters 2 and 3 
represent a gradient for all four highly correlated (R2 > 0.95) functions and correspond 
with the central mud basin geomorphic zone. Cluster 2 tends to be brackish areas with 
mean salinity of 24   where significant drops in salinity to < 15   occurred for 10 per 
cent of the sample period. Cluster 3 with mean salinity of 28   is less brackish than 
Cluster 2. These areas were subject to reduced salinity periods of 20   or less for 
approximately 10 per cent of the sampling period. Cluster 4 with mean salinity of 34   
corresponds with the marine tidal delta geomorphic zone and represents the more 
oceanic portion of oyster lease sites within the estuaries studied. The analysis reveals 
that these areas are subject to reduced periods of salinity  of 31  or less for less than 10 
per cent of the sampling period. 
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.  Cluster scatter plot showing centroids and members of each cluster along the salinity gradient for the 
53 oyster-growing zones studied in the five study estuaries. 
 
Figure 16.  Cluster scatter plot showing centroids and members of each cluster along the salinity 
gradient for the 53 oyster growing zones studied in the five study estuaries 
 
 
4.6.4   Risk Analysis using Estuary Zone Salinity Profiles  
The 53 individual zone areas were coordinated using the cluster routine (see Figure 
17). The dendrogram depicts how each of the clusters was formed. A horizontal line 
connecting two groups shows that the groups were combined at the distance shown 
on the vertical axis. The greater the distance the more dissimilar the pairs are. Zone 
ordination numbering increases as salinity variability decreases. The vertical axis is 
squared Euclidean distance metric.  
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Figure 17.  Cluster analysis of salinity profiles for the 53 zones analysed in the five study estuaries. Zone 
ordination numbering increases as salinity variability decreases. The vertical axis is squared 
euclidean distance metric 
 
The resultant groupings for the respective zones are shown in Table 9. A number of 
inferences about risk for the selection of sites for oyster farming can be drawn from 
this cluster analysis including: 
• Cluster 1 has relatively high salinity variation and is likely to be more vulnerable 
to high faecal pollution burden from catchment run-off and also subject to 
longer and more frequent precautionary harvest closures. Conversely Cluster 4, 
with relatively low salinity variation, is more likely to have approved harvest 
area classification status (see Chapter 9). These areas have potentially lower 
contamination risk because of relatively higher oceanic flushing rates and 
reduced direct catchment run-off. Local point sources of contamination would 
also need to be considered in a risk analysis in this zone 
• Areas in Cluster 3 were used by farmers as ‘depot’ leases in traditional stick 
culture to avoid risk of overcatch of  S. glomerata (see Chapter 5). Overcatch is 
a term used to describe natural settlement of oyster spat on farmed oyster 
stock. It is the preferred zone for farming triploid  C. gigas  since overcatch for 
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this species is harder to deal with than  S. glomerata (B. Allen, Crookhaven 
River, personal communication, December 2010) 
• Areas in Cluster 3 are reported to support greatest growth and survival of  S. 
glomerata (see Chapter 3), presumably because of greater available food 
• Areas in Cluster 4 are reported to have the highest  S. glomerata larvae growth 
and survival rates (see Chapter 3) and is generally a preferred  S. glomerata 
catching area (Holliday, 1995). These areas are usually not considered good for 
fattening and suffer from significant overcatch of  S. glomerata and other 
biofouling organisms.  
 
Table 9.  Four-way clustering of 53 Zone areas from seven estuaries based on salinity profiles. See 
Table 28 for corresponding salinity profiles for each of the four centroid colours 
 Zone   Zone   Zone   Zone   Zone 
1 Salt Ash  12 CBOT  23 EBOT  34 Lower Tilligerry  45 Soldiers Point 
2 CSTOP  13 Coba  24 Lower Tea 
Garden 
 35 Sandbrook  46 Porto 
3 CTOP  14 BBOT  25 Pindimar  36 Corrie Island  47 Broadwater 
4 ETOP  15 Kimeri  26 Little Swan  37 Tahlee  48 Waterfall 
5 Upper Karuah  16 Marra  27 Berry's Canal  38 Lower Karuah  49 Murphys Bay 
6 Upper Karuah East  17 CSBOT  28 Curley's Bay  39 North Arm 
Cove 
 50 Hardys Bay 
7 BTOP  18 Upper 
Tilligerry 
 29 12Mile  40 Oyster Cove  51 Tanilba 
8 Berry's Bay  19 Clulow  30 Mid Karuah  41 Lemon Tree  52 ST HUBERTS 
9 DTOP  20 ABOT  31 Mid Tilligerry  42 Upper 
Cromarty 
 53 Merrits 
10 Tea Garden  21 Crookhaven  32 Comerong  43 Outer Cromarty    
11 ATOP  22 DBOT  33 Goodnight 
Island 
 44 Lower Pindimar    
 
These results infer that a site selection process using longitudinal analysis of salinity 
variation at a site using sufficient baseline salinity data over all seasons and across 
several years is a useful tool in developing a risk profile for determining optimal sites 
for different oyster species and life stages and as a potential criteria in classifying areas 
as suitable for oyster harvest. This latter issue is explored further in Chapter 9. 
 
4.7   Conclusion 
Results in Chapter 4 demonstrate that policy based on a risk assessment framework 
optimise outcomes for strategic management of the NSW oyster industry. Estuaries in 
NSW are at different stages in their geomorphological evolution. Estuary entrances 
  72 
may profoundly affect tidal flushing rates which in turn has a significant effect on 
estuary water quality. Estuaries with such conditions are at greater commercial risk for 
the oyster industry. A site suitability risk assessment tool is developed for assessing 
oyster leases in NSW. Quantitative analysis of longitudinal data sets from several 
estuaries identified key salinity criteria that can assist in evaluating the performance of 
areas particularly with respect to optimal farming conditions and potential risks to 
food safety discussed further in Chapter 9. These areas align with particular 
geomorphic zones within an estuary, 
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CHAPTER 5 – NSW OYSTER FARMING PRACTICES  
 
5.1   Introduction 
Chapter 5 undertakes a historical review of farming practices in the NSW Oyster 
Fishery dating back to pre-Colonial European arrival. The review identifies the 
evolution of farming practices and lessons learned in risk management arriving at 
industry farming practices of the current era. Results of an industry wide farming 
practice trend analysis are presented using baseline and response to policy surveys. 
Quantitative case studies of crop cycles at two oyster farming enterprises are 
examined to gain planning insights for farming area requirements and infrastructure 
options for the oyster industry. Results of a full cycle risk assessment for lease 
infrastructure conducted as part of this work and the policy changes and industry 
outcomes of this process are documented. 
 
5.2   Aboriginal Communities – Oyster Harvest and Culture 
Aboriginal Australians were living in Australia at least 60,000 years ago and possibly as 
long as 120,000 years ago based on fire frequency records (White, 1994). Around 
60,000 years ago people may have been living in south-eastern Australia (Attenbrow, 
2002). Throughout this long human history, the oyster resource has played a significant 
role in coastal Aboriginal communities (Bailey, 1975; Nicholson and Cane, 1994). Shell 
middens adjacent to estuaries attest to the fact that oysters were collected in great 
numbers (Attenbrow, 2002). The relatively recent age of many shell middens (mostly 
less than 2,000 years old) in east coast estuaries may be due to the fact that eustatic 
sea level changes that occurred up until about 2,000 years B.P. destroyed earlier 
middens (Attenbrow, 2002). Local Aboriginal communities were still using these shell 
middens in the mid nineteenth century on the Richmond River (Bailey, 1975) and many 
other estuaries on the east coast (Attenbrow, 2002).  
 
Oysters are gregarious permanently attached organisms, adapted to changing 
temperatures and salinities. In the life cycle of the oyster, the planktonic larval stage 
settles gregariously onto hard substrates (Cole and Knight-Jones, 1939). There has 
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been some debate about the source of attractant compounds involved in the process 
(Zimmer-Faust and Tamburri, 1994). A consequence of this gregarious settlement is 
that oyster reefs develop as multiple generations settling one upon another (Coen and 
Luckenbach, 2000). 
 
Use of oyster shell cultch, oyster shell, as catching material to restore oyster reefs is 
widely practiced today in America (Wesson et al., 1999). In sandy rivers such as the 
Richmond in northern NSW, a pattern of periodic flooding denuded the main riverbed 
of natural oyster reef material (Black, 1876a). The placement of cultch material and 
rocks in the estuary just prior to the oyster spawning period, to restore oyster beds by 
providing substrate for catching new oyster stock was practiced by coastal Aboriginal 
communities in many communities around Australia (Ogburn et al. 2007). This practice 
continues in remote traditional Aboriginal communities in the Pilbara and Kimberley in 
Western Australia today. Consequently, it could be argued that the oyster industry is 
the oldest extant farming sector in Australia. It predates European arrival by at least 
2,000 years B.P. The cultch method was also employed on NSW rivers, such as the 
Richmond (Black, 1876a), in the very early years (1878–1884) of colonial oyster 
farming. 
 
Shell was also commonly used for implements in Aboriginal communities. Shell 
fishhooks are the most numerous shell implements found in historic Aboriginal sites. 
The earliest known examples of shell fishhooks date from 900 years ago in the Sydney 
region (Attenbrow, 2002). 
5.2.1   Impacts on Oyster Fishery 
Changes in the relative abundance of principal shellfish species during the late 
Holocene have been documented in several excavated shell middens around Sydney. 
S. glomerata, cockle (Anadara trapezia) and hairy mussel (Trichomya hirsuta) were the 
predominant aquatic species in middens in the middle and upper estuarine reaches of 
Port Jackson (Attenbrow, 2002). Flat oysters were also common and it was reported 
the trends in the amount of these species collected at different places around Port 
Jackson varied over time. The changes were not the same at all sites and she suggested 
that small-scale environmental changes occurred, associated with changing sea levels, 
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droughts or other natural processes, which affected the habitat and therefore the 
abundance of particular shellfish (Attenbrow, 2002).  
 
Oysters were an important component of the diet in the annual cycle of Aboriginal 
communities. Aboriginal communities in southern Queensland used the flowering of 
the native hop (Dodonea viscosa) as an indicator of the ‘ripeness’ of oysters in the 
estuaries and hence the season to move to the estuary to commence harvest (Smith, 
1985). The abundance of oyster stocks on reefs in east coast Australian estuaries at the 
commencement of European settlement in 1788 suggests that, apart from localised 
exploitation of oyster stocks by Aboriginal groups that moved along an estuary, their 
impact on oyster populations appears to have been relatively benign (Attenbrow, 
2002), probably because of low population densities, seasonal harvests and the fact 
that oysters were only harvested for human consumption with the major portion only 
eaten in the immediate vicinity of the harvest area.  
 
5.3   State of the Oyster Fishery at European Arrival 
Captain Cook reported large flat oysters in Botany Bay in 1770, the largest he had ever 
seen. The first European settlers in 1788 reported vast quantities of oysters in Sydney 
Harbour and oysters of an amazing size in the uppermost coves (Attenbrow, 2002). 
Extensive oyster reefs (both  S. glomerata and flat oyster) were present on the beds of 
most NSW and southern Queensland estuaries (Oyster Culture Commission, 1877) at 
the time of European arrival. The  S. glomerata was found both as ‘dredge (or drift) 
oysters’, which were oysters found at least two feet below low water mark or ‘bank 
oysters’ which were oyster beds occurring in the intertidal zone between high and low 
water marks (Smith, 1989). Oyster beds in the estuaries were individually identified 
and named, usually in reference to geographical location (Thompson, 1883).  
 
The huge quantity of oyster shells found in the substrate of NSW estuaries at depths of 
2–10 m (e.g. Peat and Roy, 1975) is evidence of the prolific nature in the past of these 
subtidal oyster beds which were predominantly flat oysters. A proposal to excavate the 
estimated 20 million tonnes of dead O. angasi shell in Port Stephens (see Figure 18) for 
use in steel making was considered in the 1930s (Peat and Roy, 1975). 
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Figure 18.  Extent of extinct natural oyster shell beds up to 8 m thick in lower Port Stephens estuary 
overlaid with bathymetry (after Peat and Roy, 1975) 
 
 
In the mid-nineteenth century, oyster reefs in NSW were intertidal and subtidal, 
fringing or patch reef and these varied in size from 10 m2 to greater than 100,000 m2 
(Oyster Culture Commission, 1877). The  S. glomerata was reported by the Commission 
as:   
… close set clumps of five or six oysters and two or four clumps thick all over 
the bed, averaging about eighteen mature oysters beside spat on every 5 
square inches over an unbroken bed of shell on a tolerably hard bottom  
 
An audit of NSW estuaries was undertaken in 1876 including documentation of the 
state of the oyster fishery in NSW estuaries when Europeans first commenced 
harvesting oysters. The audit report on the Camden Haven oyster beds on the NSW 
mid-north coast exemplifies the extent of the oyster reefs at the time: 
In the 1860s a man could work his warp stake into the bed and not leave 
that spot for sixteen or twenty days, getting fifteen to twenty bags a day 
all that time. For a long time ten to twelve or even fifteen boats were so 
employed until only three or four bags could be got… some came back in 
about three years only to get at most six or seven bags per day (Black, 
1876b) 
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Unfortunately, none of the estuary oyster reef maps referred to in this audit appear to 
have survived a fire in 1882 at the Garden Palace in Sydney that destroyed many NSW 
government fisheries records (C. Bland, NSW Fisheries, personal communication, 
September 2003). In some estuaries, local knowledge and historical names may still 
locate the areas where these reefs once occurred. 
5.3.1   Colonial Exploitation of Oyster Fishery 
Following European colonisation, oysters were heavily harvested for burning for lime 
production in manufacture of cement (Pearson, 1981) and for food. The massive oyster 
populations exploited from many of the NSW estuaries during the 1850s–1870s 
resulted in drastic declines in oyster populations within estuaries, in a practice referred 
to by oyster dredgers as ‘skinning’. Schooners supplying limekilns in Newcastle and 
Sydney simply berthed on mudflats in Port Stephens at low tide, raked together the 
live oysters, and completed loading the vessel from an area circumscribed by the 
length of the schooners (Black, 1876b). In shallow (< 2 m) areas, the shell beds 
underlying the live oyster reefs were even excavated for lime production (Oyster 
Culture Commission, 1877). Whole rivers were ‘leased’ by individuals, often Sydney 
merchants, who contracted labour to undertake the harvest. Oysters were usually 
shipped live in sacks on the decks of steamboats plying Australian coastal waters.   
 
This manner of oyster fishing was performed elsewhere in the world and has been 
particularly destructive for oyster reef habitat. With the exception of hand harvesting 
on intertidal reefs, the harvesting practices are analogous to strip mining, breaking off 
pieces of the reef and removing all size classes of oysters (Coen and Luckenbach, 
2000). 
 
5.4   Oyster Culture Commission 
Concerns were raised about the sustainability of these fishing practices during the 
1870s in NSW. Consequently, the Governor of the Colony of NSW established a Royal 
Commission (Oyster Culture Commission, 1877). Its purpose was to inquire into the 
best mode of cultivating the oyster to improve and maintain the natural oyster beds of 
the colony, and also to develop the legislation necessary to carry out these objectives. 
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The commission also reported on the commencement of oyster farming in 1858 at the 
Island of Ré in France by a stonemason by the name of Bœuf, and the rapid success 
that it had subsequently enjoyed. The Commission concluded that: 
The same temperature which makes the vines grow makes the oysters 
spat… in view of the fact that this (NSW) climate is so admirably adapted 
for producing oysters in quantities almost without limit, and at the 
minimum cost.   
 
Key recommendations of the Commission (Oyster Culture Commission, 1877)  were: 
• the cancellation by the Government of all the so-called existing leases of 
natural oyster beds as none of them have been granted by law: ‘The only wise 
course of action to adopt to save the oyster beds from ruin.’  
• grant licenses to dredge for oysters in future 
• no royalty on stock collected from these natural beds for fattening on leases 
• all lands, which are covered by tidal waters, should be leased for a term of fifty 
years, in areas not exceeding five acres 
• appoint an efficient staff of Inspectors for supervision and preservation of our 
oyster fisheries, as their services are urgently required 
• promulgation of the Fisheries and Oyster Farms Act (FOFA) which was 
implemented in 1884 and the granting of leases for purposes of cultivating 
oysters commenced in NSW. 
 
5.5   Evolution of Cultivation Methods 
Largely as a consequence of mudworm impacts (see Chapter 6), the FOFA was 
repealed and a new Fisheries Act was proclaimed in 1902. This contained enforceable 
provisions requiring lessees to make improvements to leases to deal with the risk of 
mudworm. To manage mudworm, intertidal foreshore leases were used and the 
lessees took precaution to place oysters above the medium low-water mark (Newton, 
1904) employing a new range of techniques (Figure 19), specifically above the mean 
low water neap (MLWN); shown in Figure 20. It became necessary to develop off-
bottom cultivation methods, farming above the mid-tide level using raised beds of 
gravel or oyster shells, cut stone placed on cabbage tree palm logs, mangrove sticks 
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and cement coated tar-treated sticks (Roughley, 1922), and modern techniques using 
plastic infrastructure. Growing height is critical to optimise oyster growth and avoid 
the risk of mudworm infestation, ‘…restricting operations to a thin layer of water in the 
intertidal zone’ (Medcof and Malcolm, 1974).  The method of placing oysters on racks 
situated on the intertidal plane above approximately mean low water neap is still the 
major form of cultivation in NSW. This is approximately 0.925 m chart datum which is 
equivalent to 0.5 m Australian Height Datum. This risk management measure ensures 
that oysters are out of water for approximately 30 per cent of the time in a daily tide 
cycle (Smith, 1989), sufficient to limit mudworm infestation. Adoption of English 
methods for controlling mudworm using crop drying procedures (Whitelegge, 1890) is 
also still widely practiced in floating oyster cultivation methods today.  
 
 
 
Figure 19.  Evolution of intertidal cultivation methods in the  S. glomerata industry. From left, 
cultivation on rocks and mangrove sticks in the Georges River in the early 1900s and 
development of tray cultivation in the 1960s in Port Stephens 
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Figure 20.  Tidal plane terminology and tide heights (Chart Datum) relative to Australian Height Datum 
(approximate mean sea level) for NSW intertidal oyster farming  
 
5.5.1   Stick Cultivation 
Throughout the twentieth century, the  S. glomerata industry remained wholly reliant 
on natural spat fall (Nell, 1993), which has always been abundant and reliable in many 
estuaries; generally near the estuary entrance. The traditional cultivation methods 
used through the latter half of the twentieth century were intertidal ‘stick’ cultivation 
and ‘tray’ cultivation (NSW Fisheries, 2001). Spat were caught on tarred sawn-
hardwood sticks placed horizontally at, or just above optimal settlement range for S. 
glomerata, which occurs at Mean Low Water Neap (0.5 m) (McOrrie, 1990). About six 
months after spat become attached the ‘caught sticks’ are moved to upriver depot 
areas. ‘Depoting’ is the process of leaving crates of sticks on ‘depot racks’, located in 
low spat fall8 intertidal areas, until the following winter, when the oysters are about 15 
months old (Curtin, 1968). This also helps protect the young oysters from predation. 
Sticks were then nailed out on growing leases, at 15 cm spacing, in the following 
winter. During the winter months, fish usually do little damage to young oysters 
because they are off the shallow mudflats during this time of year (Croft, 1967). In the 
1950s leases were surrounded with chicken wire netting to keep fish out. This enabled 
sticks to be nailed out when oysters were juvenile. This risk management practice was 
                                            
8  Spatfall includes  S. glomerata and other biofouling organisms such as barnacles and hairy mussels 
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known as ‘paddock farming’ (B.  Philipps, personal communication, May 2004). Sticks 
were left until the oysters were 3 years old or older and then harvested. Alternatively, 
the stock (termed ‘all-ins’) was knocked off the sticks when they were more than 2 
years old and placed on tarred hardwood and wire mesh trays until harvest.  
 5.5.2   ‘Highway’ Oyster Farming 
Production and lease area continued to increase in NSW until the late 1970s as a result 
of improved methods of cultivation and market demand the supply of which the NSW 
oyster industry had a virtual national monopoly. The annual production from 1931 
until 2009 is shown in Figure 59. Much of the increase was attributed to the rise in the 
number of farmers who transported oysters from estuary to estuary to take advantage 
of differences in the timing of prime growing or fattening conditions and to avoid the 
risk of Winter Mortality. This practice, known as ‘highway oyster farming’, developed 
from the mid-1960s onwards (Nell, 2001). During this period, Port Stephens was the 
major oyster nursery for the State and the largest oyster producing estuary in the 
Southern Hemisphere. NSW Fisheries data indicates that in the mid-1980s over 3 
million tarred oyster sticks were placed annually on catching leases at Port Stephens. 
Tarred sticks with good catch, on average, produce 60 oysters per stick at harvest. The 
3 million sticks therefore had the potential to produce 150, 000 bags of oysters, which 
was more than the peak annual production in NSW. Much of this was sold as ‘all-ins’ to 
other estuaries where the oysters were subsequently grown to harvest on sticks or 
trays. It was estimated that 70 per cent of NSW oysters sold for human consumption 
each year originated from Port Stephens during this period (A. Philipps, personal 
communication, April 1996).  
5.5.3   Single Seed Cultivation 
In recent decades in the NSW oyster industry, ‘wild-caught’ spat are caught on flexible 
plastic slats and scraped from these collectors (Holliday et al., 1993a), when the 
oysters are 3–8 mm and placed on purpose built 3 mm mesh trays or other containers 
(Holliday et al., 1993b). These are transported to areas of low spat fall for growing until 
maturity (Matthiessen, 2001). This practice of farming unattached oysters is commonly 
referred to as ‘single-seed’ farming (Holliday et al., 1988). During the first two years, 
great care must be taken to protect spat from intense heat and predatory fish. 
Advantages of single-seed cultivation include improved shape and faster growth. These 
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advantages are offset by the increased effort required to periodically grade and sort 
the oysters. In addition, quantitative monitoring of stock populations in single-seed 
culture, including losses, is also feasible unlike stick farming. Without obvious mass 
mortality events, trickling mortality amongst farmed  S. glomerata during the usual 
grow out period of 3–4 years is typically around 10 per cent for reasons that are largely 
unknown (Nell and Perkins, 2006). 
5.5.4   Source of SRO Spat in NSW Industry 
At the beginning of the 1990s the use of single-seed in the  S. glomerata industry was 
extremely limited. The old adage of ‘set and forget’, practiced in stick cultivation until 
the mid-1980s, is no longer feasible following the illegal introduction of  C. gigas  in the 
mid-1980s (see Chapter 7).  
 
Stick oyster cultivation has certain advantages over single-seed culture, including:   
•  S. glomerata may be grown in very rough water on sticks 
• unit cost is low and consequently incident mortalities during culture are not 
that critical 
• stick oysters require less handling and they are rough and tough with low unit 
value and are relatively difficult to steal.  
 
Disadvantages include:  
• slower growth 
• poorer shape 
• greater cultivation area required per unit of harvested product 
• difficulty in controlling the amount of stock caught on the stick which causes 
uneven growth and stunting 
• difficulty in determining how much stock is on a lease 
• difficulty in controlling overcatch 
• difficulty in logistical handling and relocating stock.  
 
In 2004 the very large  S. glomerata enterprises in NSW were still producing ‘stick 
oysters’ because of the uncertainties in the emerging technology for single-seed  S. 
glomerata production on a large-scale. The economic benefits and handling 
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mechanisms for producing single-seed cultivation of  S. glomerata on large-scale farms 
was still uncertain at the time of writing but trials are underway and the threat of QX 
disease (see Chapter 6) is now rapidly driving this change (Rob Moxham, Hawkesbury 
River  S. glomerata farmer, personal communication, December 2004). Figure 20 
presents the level of use of single-seed  S. glomerata either as ‘scrape off’ from plastic 
slats or hatchery seed in NSW in 2003–20049. It is apparent that an almost equal 
number of NSW permit holders reported using either single-seed or stick oyster 
cultivation as their major (91–100 per cent) source of stock. Sixty-five farmers 
purchased hatchery  S. glomerata spat as a portion of their overall cultivation from the 
hatchery commercialisation project (Wayne O’Connor, DPI, personal communication, 
January 2005). Figure 22 indicates a similar trend in origin of sold oysters, reported by 
permit holders with 120 farmers selling mostly stick oysters and 110 farmers selling 
single-seed oysters.  
 
Figure 21.  Source of  S. glomerata stock for permit holders in NSW for 2003–2004 based on production 
returns. Total permit holders = 377 (Source: NSW DPI Aquaculture Management) 
                                            
9  Unfortunately the nature of the question posed to farmers in the production returns does not allow 
differentiation of the group in the 0 per cent and 1–10 per cent range. It can probably be assumed 
that the interval 0–10 per cent = 0 per cent. 
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Figure 22.  Origin of sold oysters reported by permit holders for 2003–2004 based on production 
returns (Source: NSW DPI Aquaculture Management) 
 
5.6   Cases Studies in Single Seed Cultivation 
Apparent directional trend to single-seed cultivation in NSW, either from hatchery or 
wild caught spat, prompted a case study of two innovative single-seed farming 
enterprises for this work. The objective was to quantitatively evaluate area 
requirements for farming and the infrastructure options developed for single-seed 
farming. This was designed to support the overarching aim to develop a framework for 
sustainable management of the NSW oyster industry. 
5.6.1   A & C Oysters – Port Stephens 
The first example is from A & C Oysters, fourth generation farmers located in Port 
Stephens. Figure 23 presents data on the percentage of the total number of trays used 
during the crop cycle at each successive 6-month age class for  S. glomerata 
production using wild caught seed. Oysters are graded and thinned into additional 
trays every 6 months (see Figure 24). Most notably, the tray usage and consequently 
lease area required for the last months of production before harvesting commences, in 
0
20
40
60
80
100
120
140
0-25% 26-75% 76-100%
N
um
be
r o
f P
er
m
it 
H
ol
de
rs
Production Percentage
Origin of Sold Oysters
Single Seed Culture
Stick Culture
  85 
this case 30–36 months, is almost three times that in its previous 6-month age class. It 
should be noted that farmers also vary their stocking densities within trays as well. 
Some farmers stock their trays more heavily than others. 
 
 
Figure 23.  Tray requirements for single-seed  S. glomerata production during successive age classes 
(months) of the Year 99 oyster crop (Courtesy: A & C Oysters) 
 
 
 
 
 
 
 
 
 
Figure 24.  First (6 month) and second (12 month) grading of seed (Courtesy: A & C Oysters) 
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Oyster farmers do not sell their entire crop at once. In the case of A & C Oysters, they 
employ an extended harvest strategy over approximately one year for each year class, 
as seen in Figure 25. This strategy is used to enable them to meet seasonal market 
demand with ‘fat’ oysters; and also to allow the ‘slower’ growing oysters to come 
through to a larger size before sale, as the crop is thinned. A & C oysters estimate that, 
using single-seed farming methods, they require only 30 per cent of the area their 
forbears used for stick culture, to produce the same amount of oysters annually. 
 
 
 
 
 
 
Figure 25.  Harvest from  S. glomerata farm for 1999 year catch. Production is sold as it reaches size 
grade and seasonal markets (Courtesy: A & C Oysters) 
 
5.6.2   Shoalhaven Oyster Service – Crookhaven River 
In the second example Allen Brothers, also fourth generation farmers based in the 
Crookhaven River, have developed a single-seed farming system to suit the 
environment in which they are farming. Details of the system are found in Figure 26. 
Different types of oyster containers are used at different stages and locations of the 
process. This is to suit the conditions of the water in which each stage is grown and / 
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or to encourage the desired shape and growth characteristics in the crop at the 
different stages of production. The strategy employed by the company to reduce the 
risk of Winter Mortality disease (see Chapter 8) was also reported to be effective. The 
company did not experience significant mortalities in spring 2004 in spite of the fact 
that this was an exceptionally bad year for Winter Mortality in the  S. glomerata crop 
on the NSW south coast generally. In 2009 large  S. glomerata mortalities were 
experienced due to severe Winter Mortality. Low environmental flows and resultant 
abnormally high salinities in the upriver lease area were implicated in the Winter 
Mortality event (B. Allen, personal communication, December 2010). Overcatch on the  
S. glomerata crop is managed by careful observation of the crop during high-risk 
periods. Overcatch must be less than 3 mm if crop drying of 7–10 days is to be 
effective at killing overcatch. Unlike the previous example of A & C Oysters, Allen 
Brothers harvests all remaining product during Easter of the third year. Undersize 
oysters are sold as bottle oysters. This strategy eliminates exposure of the crop to a 
fourth winter and thus reduces risk of Winter Mortality in the  S. glomerata crop. The 
main motivation is to free up cultivation equipment coupled with a belief that the 
slower growing oysters are ‘runts’ and that it is not economic to continue growing 
them to plate size (B. Allen, personal communication, July 2004). Bottle oysters are a 
significant part of Allen Brothers’ production. They estimate the area they require 
using single-seed farming to achieve equivalent annual production to their previous 
‘broad-acre’ stick farming system is also roughly 30 per cent. In 2010 the company had 
completed their first trial of triploid  C. gigas  in this farming system. From 50,000 spat 
they harvested 26,700 fully grown triploid  C. gigas  within 13 months. The company 
aims to turnover 500,000  C. gigas  p.a. from 700,000 spat in 2012. 
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Figure 26.  Oyster farming system used in the Crookhaven Estuary modelled on the 2000 oyster crop 
(Courtesy: Shoalhaven Oyster Service Pty Ltd)  
  89 
5.7   Risk Assessment of Lease Infrastructure 
The NSW oyster industry has used intertidal culture methods, to avoid mudworm 
infestation, since the early stages of oyster lease development in the late nineteenth 
century (Roughley, 1922). As farm management techniques evolved, so did the 
material used in the construction of leases. In the 1950s, sawn hardwood timber and 
round poles, treated by the use of coal tar dips, became the predominant method of 
construction. There are a number of problems associated with this practice. Firstly, 
timber lacks durability in the marine environment and the cost of replacement and the 
risk of degraded and derelict lease infrastructure are high if leases are abandoned as 
witnessed in Port Stephens following the introduction of  C. gigas  in 1984 (see Chapter 
10). Secondly, the wood preservatives used to improve service life, predominantly coal 
tar products, have associated contaminant risks. 
5.7.1   Durability of Timber in the Marine Environment 
Timber has many attractive construction qualities for the oyster industry: it is relatively 
inexpensive, easy to work with and its performance qualities are well known. While 
many timbers have remarkable strength and rigidity, many are susceptible to 
comparatively rapid decay and can become completely riddled, within several years in 
the estuarine environment, because of marine borers. Timber species used for posts in 
oyster lease construction in NSW has predominantly been Syncarpia glomulifera 
(turpentine), a hardwood naturally resistant to marine borers (Barnacle, 1976). This 
slow growing hardwood is, however, becoming increasingly expensive and difficult to 
find and its use is not considered sustainable (Walker et al., 2003). Oyster farmers have 
traditionally used coal tar including creosote10 applied at their land base sites and 
Chromated Copper Arsenic (CCA) treated timber to protect their infrastructure against 
marine borer attack.   
 
In NSW and Queensland, Sphaeroma generally causes more damage than other marine 
borers to timber piling (Cookson and Scown, 1999). Sphaeroma activity is mostly 
concentrated in the intertidal zone.  There are many questions to be answered about 
the environmental cues that cause Sphaeroma to bore.  For example, S. quoyanum is 
                                            
10  Creosote is derived from 100 per cent coal tar as the distillation fraction derived by boiling at 
between 200–400o C. 
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very destructive and able to bore holes as readily as S. terebrans in central and 
northern NSW, but in the south, while still common, only occasionally bores shallow 
etches in softened timber (Cookson and Scown, 1999). Sphaeroma is a filter feeder 
rather than a wood feeder (Rotramel, 1975) and so can avoid some of the toxic effects 
of wood preservatives. Sphaeroma hazard intensity is considered to be extreme north 
of the Hawkesbury River (Cookson and Scown, 1999). Consequently, service life of 
timber infrastructure on oyster leases tends to decrease in estuaries progressively 
north of the Hawkesbury River.  
5.7.2   Chromated Copper Arsenate Treated Timber 
Generally, the presence of Sphaeroma limits the use of Chromated-Copper-Arsenate 
(CCA) treated softwoods for oyster lease infrastructure. CCA treatment does not 
prevent attack by these marine borers (L. Cookson, CSIRO, personal communication, 
July 2003).  Consequently CCA treated timber is mainly limited to use in estuaries 
south of the Georges River. CCA treated lumber is used for oyster post and rail 
construction and for framing in oyster trays. It is also commonly used for private wharf 
construction.  A number of studies have demonstrated leachate toxicity problems 
related to CCA treated timber in the marine environment.  
 
Weis et al. (1993a) analysed sediments adjacent to, and at varying distances from, 
bulkheads made of wood treated with CCA for three elements:  
• Copper (CU) 
•  Chrome (Cr)  
• Arsenic (As).  
 
Sediments immediately adjacent to the bulkheads had very low percentages of the 
fine-grained particle fraction (silts and clays), but very high concentrations of the three 
metals associated with the fine particles. Cu was always much higher than Cr or As. 
This indicates that Cu, Cr and As leached from the wooden structures can be 
accumulated in fine-grained sediments nearby. Higher metal concentrations were 
retained in sediments in poorly flushed areas than in more open water environments. 
The highest concentrations were found adjacent to the newest bulkheads (Weis et al., 
1993a). 
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Organisms living on open water CCA timber wharf had significantly elevated 
concentrations of contaminants from the wood. The highest concentrations in 
barnacles were found in those barnacles growing on newly treated (one-year-old) 
wood reflecting the greater leaching of new wood (Weis et al., 1993b). Oysters, 
collected from a residential canal lined with wood treated with CCA, had elevated 
levels of the metals in their tissues. Snails fed the oysters gradually ate less than snails 
fed reference oysters, and grew less over an 8-week period. Snails that ate the canal 
oysters increased their body burden of copper about 4-fold over the 8 weeks, and had 
tissue concentrations comparable to field-collected snails gathered from a CCA 
bulkhead in open water (Weis and Weis, 1993). Eastern oysters were collected from a 
CCA wharf, a bulkhead in a canal lined with CCA wood, and rocks used as a reference 
site. Animals from the single dock had elevated Cu, and those from the bulkhead had 
12 times the reference levels of Cu, and significantly elevated As (Weis and Weis, 
1992).  
5.7.3   Coal Tar Timber Preservatives  
The major area of concern with the use of coal tar for oyster cultivation material is the 
presence of poly-aromatic hydrocarbons (PAH). PAHs are a group of hydrophobic 
hydrocarbons that consist of two to seven benzene rings. PAHs are a very important 
class of organic contaminants. Many of the PAHs with four or more rings are 
carcinogenic and mutagenic due to their metabolic transformation capability (Luo et 
al., 2004). According to Neff (1979), 44 per cent of creosote is composed of PAH. 
Several of the compounds within coal tar derived PAH, most notably benzo[a]pyrene 
(B[a]P), can degrade to highly toxic carcinogenic, teratogenic and mutagenic 
intermediates during human metabolism (Neff, 1979).  
 
PAHs are widespread contaminants throughout the environment and are originated 
mainly from anthropogenic sources (Zhang et al., 2004). Common sources of PAH 
include:  
 
• engine combustion exhaust 
• boat traffic 
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• municipal and industrial effluent 
• spillage and release of oil and fuel 
• combustion of coal and oil 
• run-off from urban areas 
• run-off from coal storage facilities 
• release from coal tar derived wood preservatives. 
(UNR, 2003; Zhang et al., 2004) 
 
PAH can also be released by natural events, such as forest fires and volcanic activity 
(Brooks, 1993). Significantly increased levels have been recorded in ocean sediments 
since the beginning of last century (Neff, 1979). In many NSW estuaries, recreational 
boating would also be a significant PAH input (Neff, 1979). 
 
The concerns surrounding wood preservatives and, in particular, coal tar and its 
derivatives have been extensively researched and covered in the literature (Neff, 1979; 
Hutchison, 1992; Brooks, 1993; UNR, 2003).   
5.7.4   PAH Lease Sediment Contamination 
The abundance ratio of two and three-ring hydrocarbons to four and six-ring 
hydrocarbons can be used to help distinguish the petrogenic and pyrolytic sources 
(Zhang et al., 2004). Although studies have shown that leachate rates are low from 
coal-tar-treated post piling in marine environments, the values are cumulative, and the 
installation of numerous creosoted posts in a relatively small, well-circulated area, 
could result in significant impacts on aquatic organisms (Brooks, 1993). 
 
The extent to which tar products could leach from posts or other structures on oyster 
leases has been investigated at Port Stephens, NSW, in a limited sampling effort, for 
the presence of hydrocarbons in and around lease areas (Umwelt, 2000). This 
management study was undertaken in preparation for the removal of over 600 ha of 
derelict oyster lease cultivation material (see Chapter 10) in the Port Stephens estuary 
(see Figure 27). The overall clean-up program was directed by the author. The majority 
of sediment samples taken within the lease areas contained PAH at levels above the 
relevant interim sediment quality guideline (ISQG) ‘trigger levels’ (e.g. total PAH = 4 
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mg·kg-1) recommended for further investigation (ANZECC, 2000). Areas away from 
oyster lease sites were below the detection limits for analytes (Umwelt, 2000). Effects 
Range Low (ERL) is a standard measurement that corresponds roughly to a 10 per cent 
likelihood of toxicity. Finer sediments tend to have more ERL exceedances than coarser 
ones (Long et al., 1995). Suggested ERL PAH levels are listed in Table 10. 
 
 
Figure 27. Derelict oyster lease tar treated posts in Port Stephens abandoned as a result of  C. gigas  
introduction in 1984 
 
Table 10.  Polycyclic Aromatic Hydrocarbon (PAH) Sediment Objectives (mg·kg-1, dry wt.) (after Long et 
al., 1995) 
Low molecular weight 
PAHs 
ERL* 
Objectives 
High molecular weight PAHs ERL* 
Objectives 
naphthalene 0.160 fluoranthene 0.600 
acenaphthylene 0.044 pyrene 0.665 
acenaphthene 0.016 benzo(a)anthracene 0.260 
fluorene 0.070 chrysene 0.384 
phenanthrene 0.240 benzofluoranthenes – 
anthracene 0.085 benzo(a)pyrene 0.430 
  ideno(1,2,3-cd)pyrene – 
  dibenzo(a,h)anthracene 0.063 
  benzo(g,h,i)perylene – 
Total PAHs  ERL = 4.022 
* Effects Range Low 
 
A further surface sediment sampling exercise was undertaken in January 2005, as part 
of the close-out on risk assessment as part of this work for the NSW DPI Port Stephens 
oyster lease clean-up program. Samples from two lease sites, rehabilitated in the 
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program 12–24 months previously, were compared with samples from two oyster 
lease sites with existing tar-treated post infrastructure. The samples were preserved 
and transported to a NATA certified laboratory for PAH analysis. The results are 
presented in Table 11. PAHs were much reduced in sites that had been rehabilitated 
whereas persistent PAH levels, above the suggested trigger values, were still found in 
the leases with existing infrastructure. The results indicate that removal of the source 
of PAH contamination (tar-treated oyster posts) was effective in rehabilitation, with 
virtually no residual PAH detectable in surface sediments, 12 months after tar-treated 
infrastructure removal.  
 
Table 11.  Sediment analysis results for PAH at two oyster leases sites that have had tar timber 
infrastructure removed in the oyster lease clean-up program, and at two existing traditional 
oyster lease sites 
Contaminant ISQGa 
High 
Site 1–TC 
Removed 
Site 2–SB 
Removed 
Site 3 
Existing 
Site 4 
Existing 
Polyaromatic Hydrocarbons mg·kg-1 mg·kg-1 mg·kg-1 mg·kg-1 Mg·kg-1 
Napthalene 2.1 0 0 0 0 
Acenaphthylene 0.64 0 0 0 0 
Acenaphthene 0.5 0 0 0.14 0 
Fluorene 0.54 0 0 0 0 
Phenathrene 1.5 0 0 0.45 2.24 
Anthracene 1.1 0 0 0.43 0 
Fluoranthene 5.1 0.92 0 3.5 8.38 
Pyrene 2.6 1.23 0.11 3.61 8.53 
Benz(a)anthracene 1.6 0 0 1.9 3.21 
Chrysene 2.8 0 0 2.05 3.43 
Benzo(b) & (k) fluoranthene NR 0 0 2.84 3.99 
Benzo(a)pyrene 1.6 0 0 1.27 2.68 
Indeno(1,2,3-cd)pyrene NR 0 0 0.49 1.1 
Dibenz(ah)anthracene NR 0 0 0 0 
Benzo(ghi)perylene NR 0 0 0.74 1.47 
Total   Σ (mg·kg-1) = 4.0b 2.15 0.11 17.42 35.03 
a ANZECC (2000) Trigger levels recommended for further investigation 
b Total PAH sum based on ERL values reported in Table 9 
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5.7.5   PAH and Food Safety 
In a study assessing the public health risk of organic carcinogens in fish, data on 
contaminant concentrations in fish were combined with estimates of the carcinogenic 
potency of those contaminants, in order to estimate the lifetime risk of cancer 
associated with the present consumption of fish in America (Connor, 1989). The study 
reported that for shellfish, B[a]P can contribute significantly to the risk. 
 
PAH cut-off levels have been established for oyster flesh in France where PAH levels of 
< 4 mg·kg-1 are considered acceptable, intermediate levels are of concern, and > 20 
mg·kg-1 are unacceptable (IFREMER, 1999). To study baseline levels of B[a]P, Dunn and 
Stitch (1976) collected mussels (Mytilus californianus, and Mytilus edulis) from 19 
mainland and 6 island stations situated throughout the Southern California Bight. The 
samples which recorded elevated levels of B[a]P were those in which the mussels were 
growing directly on creosoted pilings (up to 8.2 µg  kg-1 wet weight) or were growing 
near large harbours or marinas (up to 2.3 µg  kg -1 wet weight). Oyster meat should not 
exceed 4 µg B[a]P kg-1 wet weight if consumption of oyster meat is greater than 50 g 
wet weight per week (MELP, 1993). The maximum safe human consumption of B[a]P is 
1.6 µg day-1 (Eisler, 1987). Consuming as little as four grams (dry weight) of mussel 
tissue from a creosoted piling would exceed this value – that is, approximately two 
mussels (Brooks, 1993). 
 
To complete the risk analysis for this work,  S. glomerata (50 g plate size) was sampled 
for PAH analysis from a south coast and north coast estuary in March 2005. Oysters 
were in peak reproductive condition when body fat is high, the condition when PAH 
accumulation in  S. glomerata could be expected to be most significant. In both 
estuaries  S. glomerata samples were taken from stock that had been cultivated from 
catch on plastic slats and baskets and also from tarred sticks and on-grown in tarred 
trays. Levels for all fifteen PAH analytes measured were found to be less than 5 µg kg -1 
or below detectable limits for all oyster samples from both tar and non-tar 
infrastructure in both estuaries except for fluoranthene 32 µg kg -1 and pyrene 28 µg kg 
-1 in stick oysters, (D. Slee, Australian Government National Measurement Institute, 
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personal communication, March 4, 2005). This suggests some risk of PAH 
contamination in oysters grown on tarred products.  
5.7.6   Lease Infrastructure Waste Disposal 
The survey estimated that there were some 70,000–100,000 tonnes of oyster 
cultivation infrastructure in place in NSW estuaries. Furthermore, approximately 
20,000 tonnes of waste infrastructure, equivalent to 60,000 cubic metres of waste per 
annum, would be sent to landfill annually by industry (NSW Fisheries, 2003). Tar 
treated timber was traditionally disposed of at the ‘local tip’ or by open burning. The 
Protection of the Environment and Operations Act, 1996 ( C. gigas EO) introduced new 
controls on both of these activities.  
 
The EPA has developed a Toxicity Characteristic Leaching Procedure (TCLP) to 
determine leachability of chemical preservatives. Creosote / tar treated wood wastes 
that have TCLP leachate threshold concentrations of 200 mg·L-1 which included most 
tar treated oyster posts from Georges River and Port Stephens failed the test and 
consequently require handling as a hazardous waste (Umwelt, 2000). This classification 
required disposal of material at hazardous waste disposal facilities with concomitant 
waste disposal cost increases. As an interim management step and incentive to enable 
the industry to come up with feasible alternatives to the use of tarred sticks, the NSW 
EPA issued a General Immobilisation Approval for tar treated oyster timber, allowing 
this waste to be disposed of at approved landfills with appropriate leachate collection 
systems. This approval ended on December 31, 2006. The NSW EPA also allowed a 
licence variation to a power station to allow tar treated oyster poles to be used as a 
fuel source from the oyster lease clean-up programs in Port Stephens and Georges 
River. A further concern with landfill disposal is that it is inconsistent with NSW 
Government waste minimisation and waste management policies. The NSW 
Government is discouraging landfill disposal of waste by increasing the cost of this 
waste management option.  
5.7.7   Response to Risk Assessment of Lease Infrastructure in the Oyster Industry 
NSW Fisheries data indicates that in the mid-1980s over 3 million tarred oyster sticks 
were placed annually on catching leases at Port Stephens alone (Figure 37). This 
widespread use of tar in the oyster industry presented a significant pollutant based on 
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the risk assessment in the preceding sections. Clearly, a new approach to manage 
potential risk arising from lease infrastructure was needed in the industry following 
this initial risk assessment. 
 
The key drivers for this change were: 
• environmental contaminant risk in marine environment 
• health and safety concerns for workers and consumers 
• environmental risks of waste disposal of treated timber 
• lack of durability of timber infrastructure in the marine environment 
• increasing cost and scarcity of suitable hardwood timber 
• government / industry commitment to phase-out the use of tar. 
 
As a response to the risk assessment of coal tar in particular, a ‘cooperative discourse’ 
model (see Chapter 2) was adopted to add transparency and inclusiveness to the 
decision-making process. The oyster industry, in collaboration with NSW Fisheries and 
the EPA, established the Timber Alternatives in the NSW Oyster Industry project 
(Walker et al., 2003) in February 2002 to: 
• investigate environmentally sustainable materials that are economically 
feasible and suitable alternatives to treated timber for oyster cultivation 
infrastructure in NSW 
• identify companies that were capable of developing treated timber 
replacement products 
• communicate the outcomes of these investigations to the oyster industry and 
facilitate their adoption. 
 
As a part of the above Project, a NSW Oyster Industry Lease Infrastructure Survey was 
undertaken in August 2002, to provide baseline information to the project. The survey 
was designed to benchmark the use of treated timber in the industry so that the rate 
of adoption of alternatives could be assessed. The survey was also designed to return 
information on the size, strength and useful life of present infrastructure to define and 
inform minimum design specifications for alternative materials.  
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From a total of 420 oyster industry permit holders, 195 (46 per cent) completed the 
survey in 2002. The respondents held a total of 1940 hectares of oyster lease area, 
which represents 57.3 per cent of the total oyster lease area in NSW. The survey 
indicated that there were in excess of 2.65 million oyster-catching sticks in use in the 
industry (Walker et al., 2003). This represents more than 4.6 million metres of catching 
sticks, and 2850 cubic metres of structural timber. The survey reflected the diversity of 
cultivation techniques and structures used by the NSW oyster industry. While the 
reported farming techniques were largely based around intertidal rack cultivation 
techniques the mix of stick, tray, long line and basket cultivation varied significantly 
between farms and estuaries (Figure 28). It was estimated however, that only 27 per 
cent of NSW oysters were grown on plastic in 2002 (Walker et al., 2003). 
 
The lease infrastructure survey identified the types of treatment used to improve the 
resistance of culture apparatus to marine borer attack. The relative use of these 
treatments for the major components of culture apparatus is presented in Figure 28. 
On sticks and trays, coal tar and creosote was the most common treatment.  
 
Figure 28.  NSW oyster lease infrastructure material analysis based on 2002 survey results (after 
Walker et al., 2003) 
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5.8   Encouraging Industry Infrastructure Alternatives 
As noted in Chapter 2, discursive processes in risk assessment need a structure that 
ensures the integration of technical expertise, regulatory requirements and public 
values. A series of regional workshops, chaired by the author, and communiqués with 
industry, directed by the author, were conducted during 2002–2004. The industry 
required alternative infrastructure materials that are durable, recyclable, economical 
and practical. Product life cycle management was a key component in assessing 
alternative materials (Smith et al., 1993). Successful alternative materials / products 
were needed to deliver cost savings to the oyster industry, be convenient to use and 
outlast treated timber in the estuarine environment.  
 
The program identified the following objectives for alternatives to replace the phase-
out of tar treated timber: 
• at least as cost-effective as Tar Treated timber, but preferably cheaper and 
more durable; an ideal alternative would also be compatible with existing 
oyster farming infrastructure to reduce the costs of implementation 
• is an effective oyster culture material 
• allows present production rates with current staffing and investment levels 
• has a clear waste management pathway that is available in all oyster farming 
districts and preferably includes recycling of waste materials 
• has little or no environmental impact when used in estuarine environments, 
and in particular does not leach toxic compounds into estuarine waters and 
sediments 
• is safe for oyster industry workers to use and does not have any serious health 
and safety concerns. 
5.8.1   Present Trends in Material Replacement 
Since the commencement of the project in 2002, significant advances have been made 
in the development of cost-effective HDPE fluming for wooden post and rail and its use 
has become widespread in the industry. This fluming provides long-term 
(manufacturer suggests 15–20 years) protection to low cost renewable timbers and 
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eliminates the need for use of tar or other protectants. Very significant advances have 
also been made in plastic trays and basket technology. Unlike traditional wooden trays, 
these containers do not require annual drying, cleaning and recoating with tar, offering 
significant cost savings (R. Moxham, personal communication, April 2005). This 
combined with increased market demand for single-seed oysters and commercial 
availability of  S. glomerata selected hatchery stock has motivated widespread use of 
plastic containers in the oyster industry. 
 
In August 2004, oyster farmers were requested, in their annual production returns, to 
provide present estimates of oyster lease infrastructure (expressed as a percentage of 
the total for that type of equipment) that was composed of plastic. Figure 29 shows 
the summary of percentages for each type of infrastructure. There was a very 
significant increase in the use of oyster containers that do not use tar (e.g. plastic trays 
and baskets) up from 10 per cent in 2002 to over 50 per cent of industry indicating 
primary use of this equipment in 2004. There was also a marked increase in the use of 
alternative material for post and rail. Subsequent development of cost-effective and 
structurally sound food grade PVC (using organic stabilisers) sticks completed the 
range of tar-alternative products, commercially available, for the various components 
of oyster farming infrastructure used in the NSW oyster industry ( C. gigas AG Tar 
Replacement subcommittee, personal communication, December 2004). 
 
Figure 29.  Industry use of tar for components of lease equipment as a percentage of enterprise 
infrastructure (Source: DPI Fisheries, 2004) 
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As a result of this inclusive risk assessment process that engaged sectors of 
government and private industry in a collaborative arrangement, the industry moved 
rapidly to develop alternative lease infrastructure materials in an active and innovative 
design and evaluation program with the plastics industry. Products needed to meet the 
objectives defined during the risk assessment process. Timber Alternatives in the NSW 
Oyster Industry Project won the NSW Fish Markets National Seafood award for 
Environmental Excellence in 2003. An example of the outcome of this risk-based policy 
is shown in Figure 30 for a traditional lease configuration built using recyclable plastic 
products.  
 
 
 
 
 
 
 
 
 
Figure 30.  Oyster lease in the Hawkesbury River built entirely from plastic (Courtesy: Rob Moxham) 
 
5.8.2   Floating Cultivation 
In an effort to enable productivity to increase, deepwater (hanging) culture research 
for  S. glomerata production commenced in NSW in 1973 (Medcof and Malcolm, 1974). 
The practice of growing oysters sub-tidally on rafts and other floating infrastructure in 
suitable locations is now increasing and new types of plastic cultivation infrastructure 
have encouraged this trend. Regular crop drying / treatment is required to control 
mudworm in floating cultivation techniques. New floating surface-cultivation methods 
using HDPE and poly-urethane floats (Figure 31) have reportedly been able to minimise 
mudworm and overcatch and offers promise in suitable protected areas (S. McOrrie, 
DPI Fisheries, personal communication, May 2005). The last part of the production 
process in floating cultivation systems needs to be intertidal to harden shells and 
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enable the development of strong adductor muscles, to keep the shells tightly closed, 
which extends the post-harvest shelf life of live oysters (Crawford, 2003). 
 
 
 
 
 
 
 
Figure 31.  Plastic floating cultivation (Courtesy: S. McOrrie) 
 
5.9   Conclusion 
Results in Chapter 5 demonstrate that policy based on a risk assessment framework 
optimise outcomes for strategic management of the NSW oyster industry. The risk 
assessment framework applied to oyster lease infrastructure in the NSW oyster 
industry resulted in the development of a phasing out program for hazardous tar 
treated timber and successful development and adoption of recyclable plastics for 
farming oysters. It has provided significant benefits to the industry from an overall 
farm management and profit perspective and reduced lease construction and 
maintenance requirements. It has also facilitated adoption of single-seed technology, 
reduced the risk of lease areas falling into a derelict state and will mitigate lease 
sediment contamination and hazardous waste disposal issues of tarred oyster sticks. 
This ‘step-change’ in cultivation practices in the NSW oyster industry also adds to the 
‘clean-green’ image as they strive to ‘walk the talk’.  
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CHAPTER 6 – SUSTAINABLE YIELD  
 
 
Throughout the history of oyster lease granting in NSW estuaries, allocation of area 
has been demand driven. The consequence has been an absence of policy on 
sustainable oyster production based on a scientific method for determining available 
lease area in an estuary. This is particularly important for planning requirements as the 
industry moves to single-seed culture which requires a much smaller area to achieve 
similar production rates to that from stick culture. Chapter 6 applies risk assessment 
methods to investigate maximum sustainable yield in NSW estuaries and uses this to 
derive sustainable area allocation estimates for each estuary. This is important in the 
development of a strategic planning framework for priority oyster lease areas for the 
NSW oyster industry. 
6.1   Introduction 
The overall goal of fisheries management is to produce sustainable biological, social 
and economic benefits from renewable aquatic resources (Lackey, 2005). Sustainable 
management of a fishery is dependent on attaining sustainable yields. In classical 
scientific fisheries management this is achieved through harvest regulation including 
input controls such as fishing effort and output controls such as harvest quota. In the 
case of the NSW oyster fishery, the dramatic increase in production during the 1960s 
to 1980s fueled demand driven lease allocations. In the mid 1970s fishing closures 
were implemented in NSW that prevented additional allocation of lease area. At that 
time the entire industry was based on stick culture methods which required much 
larger areas for equivalent production to that using modern single-seed culture 
systems described in Chapter 5. Beyond this closure, the authority to manage the 
fishery was largely vested in oyster farmers themselves.   ‘Effort’, which includes the 
amount of oyster stock placed on a lease at any given time, and the amount of lease 
area utilised in a farm/estuary,  continued to increase as a result of technical 
innovation and mechanisation and the concept of sustainable yield for the oyster 
fishery within an estuary system was largely ignored.  
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6.2   Risk Analysis of Estuary Stocking Densities 
Overstocking of oyster growing areas has been documented in numerous shellfish 
industries internationally (Dame, 1996). System clearance time is calculated as a 
function of bivalve filtration of the total water volume in an ecosystem and compared 
to water mass residence time (Dame et al., 1991). Bivalves may regulate systems 
where clearance time is shorter than residence time, particularly where the artificial 
culture of dense populations of bivalves has moved these systems towards dominance 
by bivalve filter feeding. In some cases, high bivalve biomass can override the influence 
of tides in material transport (Dame, 1996). For example, in the large oyster growing 
area of Marennes-Oléron in France, calculations show that bivalves can filter the water 
volume within the bay in about 2.7 days, while the residence time is about 7.1 days. 
This system is unique in that it is one of the few documented occurrences of 
overstocking with bivalve filter feeders on two different occasions with different 
species (Heral, 1993). Stocking density controls were implemented by industry, in 
Marennes-Oléron, to limit production infrastructure to one third of the lease area and 
average production of 40 tonnes·ha-1 11 (Goulletquer, personal communication, August 
2000). In a study of growth and mortality of  S. glomerata using a variety of 
commercial farming methods, Troup (2001) suggested that overstocking of growing 
areas in NSW might be more detrimental than overstocking of containers used for 
growing oysters. 
 
Overstocking results in reduction of food available to oyster stock and may also make 
populations more susceptible to disease. Reduced growth and increased mortality 
have been documented (Dame, 1996; Heral, 1993). Several studies have outlined 
methods to estimate carrying capacity in shellfish growing areas (Incze et al., 1981; 
Carver and Mallet, 1990). Boom–bust cycles of oyster production have occurred in 
many NSW estuaries throughout the last decades. The correlation with stocking 
density of oysters is not known. Poor growth and survival, outbreaks of Winter 
Mortality, increased susceptibility to heat kill and noxious algal blooms have been 
linked to overstocking in various NSW estuaries (White, 2001; Ogburn et al., 2004; A. 
                                            
 11 The Marennes-Oléron Bay has an average tidal range of approximately six metres that aids 
comparatively high stocking rates.  
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Thors, B. Drake, B. Coxon, G. Diemar, B. Allan, B. Manton; personal communication, 
September 2004). Consequently overstocking presents a significant risk to the 
industry’s economic, social, and environmental sustainability objectives. There is no 
record of risk assessment of sustainable harvest levels in NSW estuaries. There is also 
no record of assessment of sustainable area allocation as a risk management control.  
 
6.3   The Oyster Lease – Property Right or Access Entitlement 
In NSW, the right to the use and control of public water land for oyster farming has for 
over a century been clearly vested in the Crown. The State then allocates 
‘entitlements’ for use of the public water land to individuals in the form of a ‘lease’. A 
lease provides a lessee with the exclusive right to cultivate within, and to take from, 
the leased area the species of fish or marine vegetation specified in the lease. A lease 
does not confer the right of exclusive possession of the leased area and a lease is 
subject to the public right of fishing (Fisheries Management Act, 1994).  
 
Property rights have varying attributes including:  
• clear definition 
• they are verifiable and enforceable 
• value can be established 
• they are transferable 
• risk can be manageable. 
(PC, 2004)  
 
Rights on oyster leases in ‘state water land’ do have a few similarities to rights in leases 
on ‘state land’, for example both can be modified by regulations. But the analogy to 
state land breaks down because oyster leases on public water land have limited public 
exclusion and a finite sustainable level of development (‘effort’), similar to other 
managed fisheries.  
 
Consequently, the use of the term ‘property right’ causes false perceptions in 
connection with oyster leases on public water land. The ‘leases’ are more akin to 
‘access entitlements’ used in capture fisheries. This conceptual understanding of 
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oyster leases – as an access right to the oyster fishery – does not appear to have been 
considered in the allocation of lease area within NSW estuaries since commencement 
of the commercial oyster industry. In 1877, the Oyster Culture Commission observed 
that NSW estuaries were capable of “… producing oysters in quantities almost without 
limit…” (Oyster Culture Commission, 1877). Since oyster leases were first granted in 
1884 the allocation of oyster leases in NSW has been demand driven.  
 
6.4   Estimating Cultivation Stocking Densities  
There is a wide variety of cultivation methods used in the NSW oyster industry. 
Consequently there is a need to determine the stocking densities used by the various 
production methods in order to arrive at some understanding and justification for any 
estimation of ‘sustainable’ area allocation within an estuary. The ‘cooperative 
discourse’ model for risk assessment discussed in Chapter 2 was used with 
appropriately structured stakeholder and expert input and deliberation, directed by 
the author,  in problem formulation, study and evaluation. Table 12 provides a 
computational estimate of maximum oyster lease stocking densities for the different 
cultivation methods and different age classes. These estimates were derived from 
discussions with farmers and a draft table provided to the wider industry for 
subsequent comment as part of this work. Stocking densities vary widely depending on 
the cultivation method.  It would be useful to establish a general ‘rule of thumb’ for 
the period used in ‘finishing’ the oysters, the period in which more than 70 per cent of 
area is required on a typical oyster farm. This is Year 2 and 3 in the case of wild caught 
S. glomerata. Based on Table 12 this would be around 20,000 kg·ha-1. The case of 
cement coated sticks is an exception, in which case stocking densities are double 
because of the much higher density of oysters on each stick which are laid out by 
farmers in the same number per hectare as tarred sticks. The important point to note 
here is that with stick farming, sticks are nailed out after the first year and remain in 
that standard formation until harvest. In the case of single-seed farming, the oysters 
are graded and thinned during the culture cycle as discussed in the case studies in 
Chapter 5. As a consequence the area required for producing the same annual amount 
of harvestable oysters is significantly less for single-seed farming compared to ‘broad-
acre’ stick farming. 
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Table 12.  Maximum Oyster Lease Stocking Densities based on culture methoda 
Cultivation Method Oysters 
/ cultivation 
unit 
(kg) 
Oysters  
/ rack m.  
(kg) 
Oysters 
/ ha b 
(kg) 
 
Bags/ hac 
 
CAUGHT SPAT     
Catching Sticks Tar (80 sticks / m)  0.25 10.0      
10,800 
174 
Catching Sticks Cement (80 sticks / m) 0.5 20.0 21,600 348 
Catching Sticks Single Seed Plastic (80 slats / 
m) 
 0.02  2.0  2,160 34 
JUVENILE     
Depot Sticks Tar (80 sticks / m) 1.0 80.0 86,400     1394 
Depot Sticks Cement (80 sticks / m) 2.0     160.0    72,800     2787 
Tumbler (3 tumblers / m) 3.0  9.0  9,720 157 
Rack basket (4 x .25m x .5m baskets / m) 2.0  8.0  8,640 139 
MATURE 2–4 YEAR OLDS     
Longline basket (BST 3 baskets / m) 2.5  7.5  8,100 131 
Tarred Stick (8 sticks / m) 2.5 20.0 21,600 348 
Cement Stick (8 sticks / m) 5.0 40.0 43,200 697 
Tray (1.8 x 1.0 m)        20.0 20.0 21,600 348 
Rafts (Drum, 10 trays / stack)      200.0 n/a 390,000 6500 
 
a  Stocking densities are indicative only and may vary considerably from lease to lease due to historical 
presumptive lease carrying capacities, crop survival and the oyster farmer’s seasonal lease 
management strategies  
b  Estimates are based on approx 8 m-rack spacing (12 x 90 m racks / ha) 
c  1 Bag = 62 kg 
 
6.4.1 Validation with Oyster Production Densities Elsewhere 
Average production density on Tasmanian oyster leases equates to 13  C. gigas  m-2 y-1 
for mature oysters (Crawford, 2003). These production levels are similar to commercial 
NSW S. glomerata12 leases with 20  S. glomerata m-2 y-1 (= 1 kg  m-2 y-1). In South 
Australia stocking rates were capped13 at 10  C. gigas  m-2 y-1 (Hone, 1996). Biomass 
averages of 278 g dry matter weight m-2 or 120 mature oysters m-2 on intertidal lease 
areas in Marennes-Oléron France (Ropert and Goulletquer, 2000). Such high stocking 
densities are possible because of the very large tides, which exceed six metres, in this 
region. 
 
                                            
12   C. gigas  plate size = 75g ;  S. glomerata plate size = 50 g. 
13  These carrying capacity controls in South Australia have recently been dropped by industry (Patrick 
Hone, FRDC personal communication, May 2005). 
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6.4.2 Fallowing of Oyster Leases 
There has been no planned research on fallowing requirements for oyster leases in the 
NSW industry; lease recovery rate and the portion of total farm area that would be 
required to enable periodic and effective fallowing to occur. Industry has relied on 
anecdotal and historical practices using adhoc fallowing methods. Risk to benthic 
habitat from oyster farms is discussed in Chapter 10. Fallow-area allowance would 
need to be incorporated in the total lease area allocation in an estuary. 
 
6.5   Average Oyster Production per Hectare  
White (2001) found that the state-wide average production from 1968 to 2000 was 
about 20.5 bags / ha and had actually decreased over the past 10 years despite new 
technologies (see Figure 32). This average was calculated by dividing total production 
by total number of current hectares of oyster lease.  
 
 
Figure 32.  Average yield of oysters for NSW oyster industry (Source: White, 2001) 
 
The NSW oyster industry annual production report for 2002–2003, 2003–2004 and 
2004–2005 reported that less than  50 per cent of area occupied (currently leased) was 
actually used by farmers in respective production years. Based on this estimated area 
use, computed average production for the NSW industry was 44 and 49 bags ha-1 in 
2002/2003 and 2003/2004 respectively (see Table 13). 
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Table 13.  Reported current oyster lease area used by NSW oyster industry and computed average 
production on the area used (Source: NSW DPI) 
Year Area Leased 
(ha) 
Area Used 
(ha) 
% Used Computed 
Bags/ha 
2002–2003 3431 1728 50 44 
2003–2004 3403 1616 48 49 
2004–2005 3396 1489 44 42 
 
6.6   Computing Estimated Maximum Sustainable Yield (MSY) 
The many factors that can influence carrying capacity of estuaries for shellfish 
production both temporally and spatially make it notoriously difficult to arrive at some 
sound basis for making management recommendations. Consequently, a 
straightforward empirical approach has been used based on the annual production 
records for each estuary in NSW, dating back to 1931, as a means to arrive at some 
scientifically justifiable estimate of sustainable yield for each NSW oyster producing 
estuary. An estimate of maximum sustainable annual yield for each of 30 NSW oyster 
producing estuaries was done by selecting a moving average value for each estuary. 
Moving averages are used to emphasise the direction of a trend and smooth out 
fluctuations or ‘noise’, which can confuse interpretation.  
 
The interval selected to compute the moving average was determined by analysing 
moving averages using 3–18 year intervals for each estuary based on annual 
production records from 1931–2001. Maximum moving average was selected for each 
of the intervals in each estuary. The maximum values for each of the 16 intervals were 
then transformed by standardisation, to a mean of zero and unit variance across the 16 
intervals, within each estuary. Coefficients of variation of maximum values between 
intervals for each estuary were computed (see Table 14). In general, coefficient of 
variation was less than 10 per cent indicating fairly stable production over the time 
periods selected for computation. The exceptions were estuaries in the north coast 
sector which were impacted by QX disease and / or  C. gigas  quarantine closures 
implemented in the 1980s. Average and confidence interval of standardised values for 
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each moving average interval across all estuaries was then computed. Moving average 
interval was then selected based on smallest confidence interval, which is the lowest 
standard error. This interval was then used to compute estimated maximum 
sustainable average production for each estuary.  
  
Table 14.  Coefficient of variation of maximum moving averages of estuary annual production from 
1931 to 2000 for time intervals of 3–18 years for 20 selected estuaries from Tweed River in 
the north to Wonboyn River in the south and total for 30 oyster farming estuaries in NSW 
Tweed 22% Manning 11% Clyde 0% 
Richmond 12% Wallis 6% Tuross 6% 
Clarence 27% Port Step. 8% Wagonga 0% 
Bellinger 0% Brisbane W. 11% Merimbula 2% 
Nambucca 20% Hawkesbury 7% Pambula 8% 
Macleay 19% Georges 6% Wonboyn 6% 
Hastings 10% Crookhaven 6% TOTAL 6% 
 
 
The mean moving average values and respective confidence limits (p < 0.05) were 
computed for intervals from 3–18 years (see Figure 33). A quadratic trend line function 
was fitted to the confidence limits of respective intervals. The derivative provided a 
computed minimum at 9.75 years and consequently a moving average interval of 10 
years was selected as the interval with least variance among the interval series 
examined. The 10-year average was also the approximate mean of the 16 intervals 
examined.  
 
Figure 33.  Mean moving average in standardised units for  S. glomerata based on 20 selected estuaries 
in NSW and respective confidence limits (p < 0.05) for each interval from 3 to 18 years. Data 
sourced from NSW DPI  S. glomerata annual estuary production history 1931–2000 
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The maximum total annual  S. glomerata harvest, assuming on average that wild 
caught  S. glomerata are grown to 50 g harvest in 40 months, for 30 NSW estuaries is 
estimated to be approximately 190 million oysters using the sum of highest ten-year 
moving average for each estuary from 1931–2004. This is equivalent to approximately 
9,500 tonnes of live  S. glomerata p.a. or approximately 160,000 bags at 60 kg / bag. 
 
These estuary annual production targets are an estimate of sustainable production 
levels. Estuaries presently affected by QX, notably the Clarence and Richmond 
estuaries, may offer potential for restoration of their oyster fishery with the advent of 
selected disease resistant  S. glomerata or triploid  C. gigas  and development of 
modern and economic floating cultivation techniques. This new technology could make 
deeper areas potentially available in these estuaries to be farmed successfully. These 
areas were previously inaccessible to traditional stick cultivation. 
6.7   Computing Estuary Lease Area Allocation 
The area required to achieve this production at the rate of 20 to 60 bags / ha which is 
equivalent to 12 to 36 tons / ha is reported for each estuary in Table 15, columns 6–8. 
This provides a comparative benchmark for further research on the sustainable target 
lease area in respective estuaries. It is suggested that this method could also be used 
as a basis for providing a performance indicator against which to measure estuary 
production performance.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  112 
Table 15.  Oyster lease area estimate requirements for NSW estuaries based on estimated maximum 
sustainable yield 
Estuary Estimate   
FTE4 
Annual 
Production2 
(bags3) 
Historical 
Area Lease 
Allocated 
(ha) 
Lease Area 
Apr. 2006 
(ha) 
20 
Bags 
(ha) 
40 
Bags 
(ha) 
60 
Bags 
(ha) 
Tweed R.1 16 2,434 37 21 122 60 40 
Brunswick R.1 3 396 12 9 20 10 7 
Richmond R.1 3 510 23 19 26 13 8 
Evans R.1 1 135  0 7 3 2 
Clarence R.1 10 1,560 36 15 78 40 27 
Wooli R. 4 633 32 18 32 15 10 
Bellinger R. 2 281 23 25 14 8 5 
Nambucca R. 12 1,841 71 63 92 45 30 
Macleay R. 27 3,983 109 86 199 100 67 
Hastings R. 34 5,124 139 109 256 128 85 
Camden Haven 18 2,673 122 94 134 68 45 
Manning R. 32 4,855 315 212 243 123 82 
Wallis Lake 155 23,181 378 356 1159 580 387 
Port Stephens 226 33,973 1464 599 1699 850 567 
Hunter R. 3 415 35 19 21 10 7 
Brisbane Waters 59 8,923 208 134 446 223 148 
Hawkesbury R.1 112 16,798 436 327 840 420 280 
Georges R.1 219 32,923 352 12 1646 823 548 
Currambene/Jervis 1 153 20 13 8 5 3 
Crookhaven R. 15 2,294 230 139 115 58 38 
Cnjla/Brl Lke 6 946 12 10 47 23 15 
Clyde R. 39 5,892 230 186 295 148 98 
Moruya & Tomaga R. 3 509 16 15 25 13 8 
Tuross Lake 9 1,327 130 101 66 33 22 
Wagonga R. 14 2,046 105 84 102 50 33 
Bermagui  2 305 45 34 15 8 5 
Nelson Lake 1 111 78 22 6 3 2 
Wapengo Lake 7 1,114 48 25 56 28 18 
Merimbula Lake 14 2,157 130 126 108 55 37 
Pambula R. 5 821 112 96 41 20 13 
Wonboyn/Nul'ca R. 7 1,066 58 50 53 28 18 
Miscellaneous 
Estuaries 
4 576 170 46 29 15 10 
Total  1,066 159,953 5,103 3065 122 3998 2665 
 
1   QX affected estuary 
       
2   Average = maximum 10 year moving 
average 
     
3   Production in bags (est. = 60 kg / bag or 100 
doz. 50 g S. glomerata) 
     
4  Full-tTime Employment @ 150 bags / FTE / 
Year 
     
Figure 34 provides an indicative estimate of the exceedence of lease allocation in 2004 
for each NSW oyster producing estuary based on an estimated production average of 
40 bags ha-1. No allowance has been made for fallowing requirements. There is not a 
clear geographic spread for those areas that appear to be over-allocated. Industry 
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members have suggested that oyster productivity per hectare is lower in cooler 
southern regions because of slower growth and hence a standard benchmark 
production rate per hectare along the entire coast may not also be appropriate.  
 
Figure 34.  Estimated exceedance of total oyster lease area as at April 2006 in oyster producing 
estuaries based on mean annual production of 40 bags·ha-1 and no allowance for fallowing. 
 
6.8   Oyster Filtration  
Reports on grazing estimates by bivalves in various systems have been reviewed by 
Dame (1996). Oysters are filter feeders that extract food from particulate and 
dissolved materials in water.  A standardised filtration rate of 2.4 L hour-1 g-1 dry 
matter weight was determined for  C. gigas , which translated to 677 L hour m-2 of 
lease area (Ropert and Goulletquer, 2000). Filtration rates varied from 3–10 L hour-1 g-1 
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dry matter weight for  S. glomerata (Underwood et al., 2002). This suggests that a 50 g  
S. glomerata on average (oyster filtration is not continuous)  filters 8 L hour-1 so that 
one bag of oysters filters on average, approximately 10,000 L hour-1. Using this rate it is 
possible to estimate that a typical one-hectare  S. glomerata intertidal tray lease 
(average cultivation depth = 1.0 m) with similar stocking density (20 tonnes oysters / 
ha) would filter about 3 ML per hour. Translating this to the 24-hour filtration rate on 
an average tide cycle with approximately 70 per cent submersion time, the same one-
hectare lease would filter about 55 ML of water or 5.5 ha of 1 metre depth water; or a 
water exchange rate of 5.5:1. 
 
6.9   Estuary Oyster Filtration Rate Constant 
A hypothesised validation method in this work to infer sustainable estuary oyster 
production is to link filtration rate of oyster populations with the size of the estuary 
(Dame, 1993; Dame, 1996). Estuary area and volume were computed for NSW oyster 
farming estuaries using area and bathymetry GIS data layers (Zeng et al., 1998). 
Estuary Area is expressed; Estuary Volume in 10 ML units. The computed values for 
area were plotted against volume and a trend line fitted to predict volume from area 
and hence derive an average depth across all estuaries (Figure 35).  
 
Figure 35.  NSW oyster producing estuary volume as a function of estuary area 
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The derived relationship indicates that estuary volume is on average 2.9 times the 
area. In other words, across all NSW oyster producing estuaries, the average depth of 
the estuary is 2.9 metres. 
 
Linking annual oyster production to estuary size was examined.  Annual production is 
expressed in Bags of oysters; Estuary area in hectares; Estuary Volume in 10 ML units. 
The Log of these computed values were plotted against the Log of annual oyster 
production average using the maximum 10-year moving average for each estuary and 
a trend line fitted for both volume and area and the derived relationships for 
predicting oyster production for estuary area and volume are presented in (Figure 36).  
 
Figure 36.  Annual average estuary oyster production regressed against estuary volume and estuary 
area for 26 NSW oyster producing estuaries 
 
Actual and estimated values using the derived functions for estuary area and volume 
are shown in Table 16. Total calculated NSW annual oyster production based on the 
regression equation derived for Estuary Volume – 198,860 bags – is greater than that 
predicted using Estuary Area which is 104, 270 bags. Recall the historical based MSY 
estimate is approximately 154,500 bags. Significant trend outliers that had lower than 
MSY productions using historical records were: 
• Hunter River (415 bags vs. 7,636 bags predicted by estuary volume) 
• Port Stephens (33,973 vs. 47,687 bags predicted by estuary volume) 
• Clarence River (1,560 bags vs. 24,874 bags predicted by estuary volume). 
y = 0.91*Log(Volume) + 0.37
R² = 0.65
y = 0.90*Log(Area) + 0.51
R² = 0.63
1.50
2.00
2.50
3.00
3.50
4.00
4.50
5.00
1.50 2.00 2.50 3.00 3.50 4.00 4.50 5.00
Lo
g 
 A
nn
ua
l P
ro
du
ct
io
n 
(B
ag
s)
Log(Volume and Area) of Estuary
System Oyster Production
  116 
 
These ‘deflated’ values may be explained by the fact that: 
• The Hunter River has limited lease area because of historical estuary sediment 
industrial pollution problems and it is a major industrial port 
• Port Stephens historically supplied large quantities of juvenile stock to other 
estuaries (Chapter 7), which would not be shown in annual harvest-for-sale 
statistics on which the average is based 
• The Clarence River has suffered for some decades from QX disease and has not 
been suitable for stick culture systems for the deepwater main channel. Prior 
to mudworm appearance in 1887, the Clarence River oyster beds were one of 
the largest oyster producers in NSW (Chapter 7).  
 
The conclusion, based on empirical information, is that a predicted optimal MSY would 
equate to an Estuary Oyster Filtration Rate Constant (EOFRC) of approximately 205 
bags of oysters for every 100 ha of estuary using the regression equation for 
production vs. estuary area derived in Figure 36. Alternatively the predicted value is 
155 bags of harvested  S. glomerata p.a. for every 100 ML of estuary volume or 
approximately 5367 litres per harvested oyster using the regression equation for 
production vs. estuary volume derived in Figure 36. 
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Table 16.  Historical maximum sustainable annual yield of harvestable oysters (in bags) compared to 
predicted yields based on area and volume of estuary 
 
Estuary Historical MSY 
(bags) 
Volume Prediction 
(bags) 
Area Prediction 
(bags) 
Clarence River 1,560 24,874 16,705 
Wooli River 633 395 516 
Bellinger  281 2,165 1,416 
Nambucca River 1,841 1,966 1,950 
Macleay River 3,983 6,022 4,646 
Hastings River 5,124 6,897 4,248 
Camden Haven 2,673 3,768 4,432 
Manning River 4,855 8,489 4,742 
Wallis Lake 23,181 18,613 11,876 
Port Stephens 33,973 47,687 17,118 
Hunter River 415 7,636 3,590 
Brisbane Waters 8,923 9,220 4,022 
Hawkesbury River 16,798 20,256 7,501 
Georges River  32,923 24,900 8,741 
Crookhaven River 2,294 1,529 1,413 
Clyde River 5,892 208 273 
Moruya River 509 2,408 1,061 
Tuross Lake 1,327 3,062 2,880 
Wagonga Inlet 2,046 733 950 
Wapengo Lake 1,114 1,915 2,232 
Nelson Lagoon 111 3,087 1,136 
Merimbula Lake 2,157 382 499 
Pambula Lake 821 168 221 
Wonboyn River 1,066 1,497 825 
TOTAL 154,500 198,860 104,270 
 
 
6.9.1   Computing Estuary Sustainable Yield as a Function of Filtration  
Carrying capacity of an oyster fishery has been defined as “the standing stock at which 
the annual production of a marketable cohort is maximised” (Smaal et al., 1998). 
Marennes-Oléron in France is the most important shellfish culture site in France, with 
a standing stock of  C. gigas  around 100,000 tonnes fresh weight and an annual 
production of 30,000 tonnes. Bacher et al. (1997) developed an ecosystem model 
focused on  C. gigas  growth rate and considered the interaction between food 
availability and residence time of the water, oyster ecophysiology and number of 
individuals. From simulations of the oyster growth with different seeding values, their 
model predicted a maximum annual production of 45,000 tonnes for a standing stock 
around 115,000 tonnes (Bacher et al., 1997).  
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Based on the estuary volume-oyster production predicted values and using reported  S. 
glomerata filtration rates as the basis to determine that a 50 g  S. glomerata on 
average filters 8 L hour-1. (Underwood et al., 2002); and adopting a rule of thumb that 
estuary oyster standing stock = three times the annual production (Bacher et al., 
1997), it is possible to calculate average water turnover time. In this context it is the 
time for estuary water to be filtered once by oysters, under optimal standing stock and 
yield conditions. Port Stephens is used as an example. Port Stephens estuary has an 
estimated volume of approximately 500,000 ML and an estimated MSY of 50,000 bags 
p.a., based on historical production data and EOFRC. Therefore, Port Stephens 
estimated standing stock would be approximately 150,000 bags where annual 
production of a marketable cohort is maximised. Given that one bag of oysters can 
filter approximately 10,000 L·hr-1, the calculated turnover time for the entire Port 
Stephens estuary to be filtered is in the order of 15 days. This is also a possible basis 
for determining optimal oyster standing stocks in a NSW estuary; an estimated average 
filtration time for the estuary of approximately 15 days.  
 
Interestingly, Mann (2000) concluded that maximum production, a desired end for 
fishery support, occurred at approximately half of the maximum virgin, unexploited 
biomass. Using this assumption, at the time of European arrival, the standing crop of 
oysters in Port Stephens would have been approximately 300,000 bags of oysters.  
Using the above computation, this would have meant the entire Port Stephens estuary 
was being filtered every week. It is perhaps not coincidental that this aligns with 
Newell (1988) who estimated that it took eastern oysters less than a week to filter the 
entire water volume of Chesapeake Bay on the American east coast when oysters were 
highly abundant in the 1880s and before stocks were commercially exploited. The 
ecosystem services delivered by an oyster population for an estuary filtration rate at 
this scale is unknown (see Chapter 11). 
 
6.10  A Planning Framework for Sustainable Area Allocation 
Regardless of the assumed production rate per ha average, the establishment of an 
MSY provides a starting point for establishing guidelines on a rationally based future 
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sustainable total area lease allocation within estuaries as the industry rebuilds with 
‘single-seed’ oyster farming technology. Economic modelling in Chapter 3 found that 
reducing the grow out time from 42 months to 24 months for  S. glomerata reduces 
the amount of required culture units, and therefore area, by almost 50 per cent to 
produce the same amount of oysters. Triploid  C. gigas  with a grow-out of 12 months 
will require even less area. Chapter 5 found that single-seed cultivation requires 
around 30 per cent of the area previously required to produce the same amount using 
stick culture methods. These two drivers point to a high risk of over allocation of lease 
area using a system based on historical precedent. 
 
Farmers have been forced to retain vacant areas of buffer lease, merely to prevent 
other farmers establishing in the vicinity of their cultivation (A. Thors, B. Drake, B. 
Coxon, G. Diemar, B. Allan, B. Manton; personal communication, September 2004). A 
comparison of current lease allocation among these estuaries clearly demonstrates 
that some estuaries appear to be significantly over allocated. 
 
6.11   Conclusion 
Results in Chapter 6 demonstrate that policy based on a risk assessment framework 
optimise outcomes for strategic management of the NSW oyster industry. Sustainable 
area allocation is a critical factor to consider in selecting priority lease areas in NSW 
estuaries. The ‘step-change’ in NSW oyster industry cultivation techniques to 
accommodate fast growing single-seed hatchery bred oysters will require ongoing 
rationalisation of lease area allocation. Having target sustainable production values for 
each estuary is a key criterion in managing this evolution. 
 
Calculation of estuary oyster filtration rates suggests that under optimal stocking 
densities, the volume of NSW estuaries are filtered by the resident oyster population 
every two weeks reinforcing the role of the NSW oyster industry in maintaining a 
healthy estuary. 
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CHAPTER 7 – TRANSLOCATION IN THE NSW OYSTER INDUSTRY  
 
 
Chapter 7 reviews historical outcomes of translocation activities in the NSW oyster 
industry. The lessons learned as a consequence of undertaking translocation actions in 
the NSW oyster industry without an established and robust risk assessment framework 
have been severe (Ogburn, 2007b; Ogburn et al., 2007). Routine translocation of oyster 
stock is necessary in the NSW oyster industry and requires an ongoing risk-based 
approach to assess and manage this activity. The economic opportunities that fast 
growing hatchery bred oysters will provide to the NSW oyster industry in the future 
requires a robust risk assessment framework for translocation of stock. 
 
7.1   Definition of Translocation 
Intentional translocation of aquatic organisms – defined as the assisted movement of 
species or strains outside their native range (Pollard and Hutchings, 1990) – can be 
used for aquaculture or for stocking. The impacts of alien or introduced species / 
strains on native fish and invertebrates are many and can include food and space 
competition, hybridisation, predation, habitat disturbance, loss of species diversity, 
and disease transmission. In other circumstances it may be illegal or accidental. The 
consequences of translocation may lead to the establishment of a population of the 
translocated primary organism over indigenous organisms. In other instances a 
secondary organism, usually a pest or disease vector, translocated unintentionally with 
the primary organism, may be introduced. There are also increasing concerns over the 
potential for genetic impacts on wild fish populations as aquaculture stocks expand 
(Ogburn, 2007b). Edwards (2005) suggests that on a world scale the importation of 
exotic oysters may have resulted in the spread of more aquatic pests and diseases than 
any other of man’s activities. 
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7.2   History of Translocation in the NSW Oyster Industry  
Concerns were raised about the sustainability of oyster fishing practices during the 
1870s in NSW (see Chapter 5). Consequently, the Governor of the Colony of NSW 
established a Royal Commission (Oyster Culture Commission, 1877). Its purpose was to 
inquire into the best mode of cultivating the oyster to improve and maintain the 
natural oyster beds of the colony, and also to develop the legislation necessary to carry 
out these objectives.  
7.2.1   Mass Mortality of Flat Oysters on the Australian East Coast 
The Commission took testimony from a range of industry experts and government 
inspectors. One witness, Henry Wallace Bell, reported undertaking a large stocking 
exercise of flat oysters from a source unknown but possibly New Zealand, in Western 
Port Bay, Victoria in 1861. The following year, the stocked beds and surrounding 
natural beds of flat oysters throughout the bay mysteriously died. This was attributed 
to some form of disease (Oyster Culture Commission, 1877). Other witnesses also 
testified that flat oysters had inexplicably died off in many of the southern NSW 
estuaries during the 1860s and had largely disappeared from NSW by the mid-1870s 
(Oyster Culture Commission, 1877). A mass mortality of flat oysters was observed in 
Lindisfarne Bay in Tasmania in 1886 (Calder, 1886). Calder (1886) also reported 
concern from experienced oyster farmers that Tasmanian flat oysters were subject to a 
disease “which is so virulent that wherever it appears on an oyster bank, nearly the 
whole of the oysters upon the same bank will be sure to die out”; though they believed 
that in time the beds would recover. Flat oysters had largely disappeared from many 
areas in southern Australia by the end of the nineteenth century (Handlinger, 2005). 
Whether this was because of the introduction of a new disease (e.g. the parasite 
Bonamia sp.) remains unclear. Adlard (2000) reported that an ultra-structurally 
identical and genetically similar Bonamia sp. to that found in New Zealand occurred in 
the haemocytes of flat oysters from southern Australia. Genetic studies have 
suggested that Bonamia from Australia (from NSW stocks), are quite similar to 
Bonamia exotiosa and less closely related to Bonamia ostrea (Corbeil and Arzul, 2004). 
This is discussed further in Chapter 8. 
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7.2.2   Oyster Commission Advocates Translocation 
The Commission also observed that in England: 
…in many instances the oysters are not ‘natives’ but a grand mixture of all 
kinds of oysters being brought from many other places to augment the 
stock  
 
This promotion of translocation, including non-endemic species from the Old World, 
was commonly practised during this era, often with dire results. One of the most 
infamous terrestrial introductions to Australia was the rabbit, whose importers 
included the head of the Oyster Commission, Thomas Holt. 
 
7.3   The Appearance of Mudworm 
The Fisheries and Oyster Farms Act (FOFA) was implemented in 1884 and the granting 
of leases for purposes of cultivating oysters commenced in NSW. At this time, 
quantities of live  S. glomerata and flat oysters were being imported in crates from 
New Zealand for east coast Australian markets. Transport costs were cheaper than 
from NSW estuaries and they were also not subject to royalty payments, making them 
significantly cheaper, though allegedly of poorer quality, than NSW oysters (Cox, 
1889). On arrival at east coast ports the crates were immediately lowered into the sea 
to refresh the oysters (Edgar, 2001). 
 
The first reports of New Zealand  S. glomerata being placed on leases in NSW was in 
Port Jackson near Balmoral and Balmain and further north in the Hunter River, for 
fattening purposes (Quinan, 1883). Similar translocation at later dates was 
documented in other estuaries (Table 17). The spionid polychaete mudworm 
(identified as Polydora ciliata) (Whitelegge, 1890) was first reported in  S. glomerata 
stock in Australia at the Hunter River around 1882 (Quinan, 1884). In November 1886, 
a major outbreak of ‘worm disease’ of oysters first appeared in an Australian estuary, 
as documented by Inspector P. Smith on the Hawkesbury River (Benson and Gyler, 
1887) causing mass mortality of oyster stock below the mid tide level. In the following 
year in the Georges River in NSW, translocated New Zealand stock was reported to be 
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dying of worm disease, as were native oysters on adjacent leases (Grant, 1889). In the 
same year, outbreaks of the worm were reported in the Clarence and Tweed rivers 
(Cox, 1889) (Table 17).  
Table 17. Records of  S. glomerata being introduced from New Zealand or subsequent stock movement 
from mudworm-infected estuaries into various NSW and Queensland estuaries and 
occurrence of worm disease outbreak 
Estuary and source of information Year of 
Translocation 
First report of 
Worm Disease 
Hunter                      (Quinan, 1883 & 1884) 1880s? a 1882 
Hawkesbury           (Benson & Gyler, 1887) 1885 1886 
Port Jackson                       (Quinan, 1884) 1885 1886–1887 
Georges                                  (Grant, 1889) 1886 1887 
Tweed / Richmond           (Temperley, 1888) 1885–1886 1887 
Manning     (Temperley, 1888) 1887 1887 
Port Stephens                      (Laman, 1890) 1887 1888 
Clarence             (Temperley, 1888 & 1889) 1885–1886 1889 
Crookhaven  (Gordon, 1889) 1888 1891 
Coomera, Qld                         (Smith, 1985) 1890s? 1895 
Wallis                           (Massingham, 1901) 1897 1899 
Clyde                                     (Aldrich, 1901) ? 1899 
Camden Haven        (Brodie, 1898; Massingham, 1901) 1898 1899 
 
a  F.J. Gibbins, oyster lessee in the Clyde, Georges, Hawkesbury, Hunter, Camden Haven, Bellinger and 
Clarence estuaries from the 1860s to early 1900s appears to have been one of the first to commence 
translocation of oysters from New Zealand by steamboat to his leases in these estuaries 
 
 
An epidemiological study on the ‘worm disease’ affecting the oysters on the coast of 
NSW, prepared by Thomas Whitelegge, zoologist at the Australian Museum, was 
published in 1890. The report provided a detailed description of the worm and its 
habits, the method of infection in oysters through the gape, reproduction of the 
worms while in the oyster and how infection caused the eventual death of the oyster. 
Due to their negative effects on the host, mudworm is considered a parasite (Handley, 
1998). Whitelegge made recommendations on possible treatment methods using 
freshwater immersion or air-drying of oysters. The latter practice is still used today for 
managing mudworm risk in floating oyster cultivation. Whitelegge (1890) found the 
worm in a range of other bivalves and concluded that the distribution of the species 
appears to be worldwide and that a large amount of mud is necessary for the worm to 
thrive. Whitelegge collected his mudworm samples from affected estuaries in 1887–
1888 which was well after reported translocation of New Zealand oysters into these 
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estuaries (e.g. Quinan, 1884) and after first reports of outbreaks of major worm 
infection in these estuaries. 
7.31   Consequences of Mudworm Introduction 
There was a catastrophic reduction in oyster production in NSW by the end of the 
1880s (see Figure 37). Subtidal oyster reefs in major estuaries were permanently 
decimated. For example, it was reported that the worm first manifested itself in the 
Clarence River (see Figure 38) after some cultch shell from an unspecified source had 
been laid down following a flood at a lower part of a channel lease (number 83–64) in 
1888; from this site the disease spread over the whole of the beds and production 
collapsed completely by 1895 (Thompson, 1894). Movement of cultch shell between 
estuaries had been common practice up to this point. Fisheries managers’ 
subsequently targeted cultch from worm infected estuaries as a source of introduction 
of worm disease to previously uninfected estuaries and banned the practice for some 
time (e.g. Massingham, 1898). 
 
 
Figure 37.   Decline in the production of  S. glomerata following appearance of mudworm and 
subsequent recovery as intertidal cultivation practices were developed (1 bag = 100 doz.) 
after Ogburn et al. (2007) 
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Figure 38.  Impact of mudworm appearance and spread on the Clarence River oyster fishery after 
Ogburn et al (2007) 
 
7.4   End of the Wild Harvest Era 
Efforts to prevent the spread of the worm were implemented by legislation (Cox, 
1889).  Evidence supports the hypothesis that within the first two years of the 
proclamation of the FOFA 1884, an irreversible introduction of a new and major pest 
species for the  S. glomerata and other shellfish species into Australia was complete 
(Ogburn et al., 2007). The advent of mudworm disease permanently precluded 
methods of subtidal dredge bed cultivation which was a most effective form of 
cultivation of oysters in NSW and southern Queensland estuaries (Roughley, 1922; 
Smith 1985). At Berowra Creek in the Hawkesbury River, Inspector Smith first reported 
the outbreak of mudworm in November 1886 (Smith, 1888). He later observed that:  
… when first known to me thirty five years ago, the daily catch of oysters 
from this creek would be over 100 bags and now everything is exterminated 
(Smith, 1904) 
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Ironically the major objective of the FOFA, to protect natural beds of oysters from ruin, 
had rapidly failed. Natural beds of subtidal oysters have never recovered in NSW 
estuaries or Queensland since this time14. 
7.4.1   Mudworm in the NSW Oyster Fishery Today 
Mudworm is a common parasitic pest in a range of commercially cultivated shellfish 
species including oysters (Handley, 1998). Presence of mudworm severely impacts 
marketability of an oyster crop and acute infestations impact growth and survival of 
host oysters. The organisms responsible come from the polychaete family Spionidae. 
Globally, spionid polychaetes including those from the genus Polydora are well 
documented invasive species being introduced through ballast water and with the 
translocation of oysters and oyster material (Blake, 1999; Bailey-Brock, 2000; 
Leppäkoski and Olenin, 2000; Essink and Dekker, 2002). The challenge with Polydora 
spp. is ascertaining the ‘natural’ distribution of the various species owing to the 
historic nature of potential translocation events and the uncertainties regarding the 
taxonomy of the group. This has led to such species being classified by Carlton (1996) 
as cryptogenic.  
 
There are many Spionid species in Australian waters but only a few of them appear to 
infest commercially cultivated shellfish. It is remarkable that following the work of 
Whitelegge (1890), no further biological research work on mudworm in the NSW 
oyster fishery was undertaken until the 1970s by Margaret Skeel and colleagues at 
NSW Fisheries. Skeel (1975) indicated there were four species of mudworm found in  S. 
glomerata and reported undertaking investigations on rates and patterns of 
infestations of different mudworm species in NSW estuaries. Skeel (1979) reported 
that Polydora websteri was the predominant mudworm of S. glomerata, which in NSW 
used a brooding reproductive strategy, which ensures relatively higher survival but 
lower dispersal. A second important mudworm species of  S. glomerata was Boccardia 
chilensis, which in NSW used a broadcasting reproductive strategy, which resulted in 
lower survival and higher dispersal. Little more of this work was published, or 
available, and there was no work undertaken to further classify the various mudworm 
                                            
14  Some limited natural beds do occur in areas of high estuarine flow on hard bottoms such as the 
southern arm of the Manning River when open and Berry’s Canal in the Crookhaven River. 
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species in  S. glomerata (Pat Hutchings, Aust. Museum, written personal 
communication, October 2004). Consequently, our knowledge of the actual mudworm 
species infecting  S. glomerata has developed little since the original work of 
Whitelegge in 1890, and his presumed identification of P. ciliata. 
 
The taxonomy of the Polydora complex on the east Australian coast continues to be 
uncertain (Pat Hutchings, Aust. Museum, written personal communication, October 
2004) but there is strong evidence that several species are present. Whether the same 
species may infest more than one type of mollusc is unknown. Considerable confusion 
continues in the identification of spionids such as the P. ciliata group (Mustaquim, 
1986) so it is unclear from the description provided by Whitelegge what species was 
actually identified from the Hunter River specimens (Pat Hutchings, Aust. Museum, 
written personal communication, October 2004). Further evidence for the hypothesis 
that there was an introduction of a virulent mudworm to south-east Australian 
estuaries in the 1880s may come from an inventory of the different species of 
‘mudworm’ present. This would be assisted by genetic morphological analysis of 
mudworm species here and in New Zealand and careful evaluation of oyster shells 
from midden sites for signs of mudworm infestation. It is interesting to note that 
mudworm was never evident when farming  S. glomerata in New Zealand but became 
evident in  C. gigas  after its introduction and the New Zealand oyster industry 
conversion to  C. gigas  farming (Curtin, 1986).  
 
Mudworm in NSW oyster cultivation: 
is the greatest obstacle to intensive oyster culture…except for these worms 
the growers could use all depths within their leased areas (Medcof and 
Malcolm, 1974) 
 
There is also some debate on the need for further research on mudworm in the NSW 
oyster industry, particularly among some more experienced farmers. Mudworm 
continues to regularly have significant commercial impact. NSW Fisheries annual 
oyster production returns for 2003–2004 reported direct losses of 636,000 dozen 
oysters attributed to mudworm, with an estimated wholesale value of $3.5 million (10 
per cent of GVP) – market sale losses unknown (NSW DPI, 2004).  
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There is a need for identification of the mudworm species involved in NSW oyster 
fishery, and basic studies on their biology and reproduction. These studies are required 
in order to be able to develop improved options for managing mudworm and reducing 
its impact and infestation on the oyster fishery. Development of potential, improved, 
or alternative farming methods, such as floating cultivation; and the development of 
other shellfish species such as mussels, flat oysters, Akoya pearl oysters and abalone 
are also potentially impeded by the impact and risk of mudworm.   
 
7.5   Risk Analysis of Pacific Oyster  
In 1937, a leading federal research agency, which became the Commonwealth Scientific 
and Industrial Research Organisation (CSIRO), first proposed the introduction of  C. 
gigas  into Australia to establish a new oyster industry in the cooler waters of southern 
Australian states because numerous previous attempts to farm O. angasi and 
acclimatise  S. glomerata to these areas had failed (Thomson, 1952). A number of 
introductions of  C. gigas  occurred between 1947 and 1970. The first successful 
introductions were from Japan; Kumamoto and Sendai in 1947 and Hiroshima in 1948 
to Pittwater in Tasmania where they subsequently spawned (Wolf and Medcof, 1974). 
Ten years later these stock were translocated north to Port Sorrell and the Tamar River 
in Tasmania where they flourished (Robards et al., 1988). This stock became the basis 
of present commercial oyster fisheries in Tasmania and South Australia, using entirely 
hatchery-produced spat.  C. gigas  was also introduced to New Zealand and led to the 
subsequent destruction of the New Zealand native oyster industry of  S. glomerata 
from 1972–1978. As a result New Zealand farmers switched to faster growing  C. gigas  
(Dinamani, 1978; Dinamani, 1981).   
7.5.1   Introduction of Pacific Oyster to NSW 
NSW remained opposed to the introduction of  C. gigas  (Wolf and Medcof, 1974). The 
first recording of  C. gigas  in NSW was from Pambula River in southern NSW in 1967 
and was thought to have resulted from a 1961 wild spawning (Medcof and Wolf, 1974). 
The spread of  C. gigas  continued along the NSW coast and in 1973, 30 specimens were 
found in 10 southern NSW estuaries as far north as Port Stephens; Richmond River in 
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1975, and eventually up as far as Moreton Bay, Queensland (Medcof and Wolf, 1974). 
Deliberate introduction was suspected in one case but concerns were raised about 
unintentional spread through inter-estuarine movement of  S. glomerata sticks 
contaminated with  C. gigas . The reported apparent average prevalence was 1  C. gigas  
spat in 14,000  S. glomerata spat in translocated stock (Medcof and Wolf, 1974).  
 
In March 1984, a ban was placed on the importation of live  C. gigas  to NSW, partly as 
a risk reduction measure in response to the establishment of a  C. gigas  hatchery at 
Bicheno in Tasmania. Reports of  C. gigas  numbers in NSW estuaries remained low 
until February 1985, when large numbers of  C. gigas  spat were suddenly reported in 
Big Swan Bay- inner Port Stephens on  S. glomerata sticks. These were located on 
traditional ‘depot’ leases, located upriver to avoid  S. glomerata overcatch15 (Holliday 
and Nell, 1985). The incident received international media attention. 
 
It has been postulated that the establishment of this alien population occurred as a 
result of a deliberate illegal introduction from Tasmania in August 1984 (Holliday and 
Nell, 1985; Paul Crew, personal communication, September 1993; Colin Phillips, 
personal communication, April 1997; John Nell, personal communication, May 2005). 
There is also some conjecture that this introduced  C. gigas  was a different strain – 
Miyagi, the strain which was farmed in Tasmania and New Zealand – from that 
previously detected in NSW, which may account for its vigour in colonisation (John Nell, 
NSW Fisheries, personal communication from P. Dinamani, 1985).  
 
Given the observations in New Zealand of the destruction of their native  S. glomerata 
fishery following introduction of  C. gigas  (Dinamani, 1978; Dinamani, 1981), there was 
great concern over the sudden outbreak of  C. gigas  in Port Stephens in 1985.  
The potential problem from the uncontrolled spread of PO has far-
reaching and very serious implications beyond the oyster industry. 
Experience in New Zealand has shown that given the right condition they 
can reach plague proportions and render large tracts of foreshore 
unusable and inaccessible for recreational purposes. If they are permitted 
to proliferate, they become impossible to control (Ayres, NSW Fisheries, 
1986) 
 
                                            
15  Overcatch is a term used to describe natural settlement of oyster spat on farmed oyster stock.  
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7.5.2   NSW Pacific Oyster Management Program  
So began one of the bleakest periods in the history of the NSW oyster industry. Price 
(1988) noted that:  
… any scheme adopted will be largely dependent on the degree of risk 
aversion of policy makers, as a consequence of limited knowledge on the 
likelihood of PO spawning and settling in other estuaries, the likelihood of 
environmental damage and limited knowledge of the economic impact of 
the adopted control program 
 
At the time, the majority of the leaseholders (89.9 per cent) produced only 30 per cent 
of NSW oyster production and Port Stephens farmers were responsible for producing 
47.6 per cent of NSW oysters for sale16  (AOFPA, 1986). This industry structure was to 
have major bearing on subsequent policy. 
7.5.3   Pacific Oyster Quarantine and Eradication 
As a NSW Fisheries management response to the incursion of  C. gigas  detected in Port 
Stephens an order was placed on oyster farms in Port Stephens requiring them to 
destroy any  C. gigas  stock they found on their leases in July 1985. Furthermore, from 
October 1985 to July 1986, a ban was placed on movement of any  S. glomerata stock 
from Port Stephens to other estuaries to avoid the risk of any further translocation of  
C. gigas  spawning that may be in the transferred stock. A geographic abundance 
survey for  C. gigas  was conducted in the 24 major oyster-growing estuaries along the 
NSW coast in July and August 1986 (Reid, 1986). The survey reported that 16 of these 
estuaries had  C. gigas  present on leases; 9 of these estuaries reported local catch of  
C. gigas .  C. gigas  catch in 5 southern estuaries were suspected to have been derived 
from old  C. gigas  populations known to exist in these estuaries prior to the 1984 
introduction of  C. gigas  in Port Stephens (P. Gibbs in Reid, 1986). 
 
In January 1986,  C. gigas  was declared to be a noxious fish in NSW. This made it an 
offence to sell a live  C. gigas  in NSW and enabled orders to be given to lessees to 
undertake specified measures to destroy  C. gigas  within a period specified or else 
management action could be taken by NSW Fisheries and costs recovered from the 
lessee. Price (1988) stated that ‘the history of the PO control program in NSW has been 
characterised by numerous ad hoc policy changes, arising from both the dynamic 
                                            
16  This figure includes bags sold for ongrowing in other estuaries.  
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nature of the problem and pressure on the Department by various industry interest 
groups.’   In retrospect, the initial perceived risks from a general environmental 
viewpoint were overstated. For instance, Price (1988) noted that it is unlikely that 
widespread environmental damage of the inter-tidal region will occur.  The subsequent 
sequence of promulgated policy measures, following the illegal introduction of  C. gigas  
to Port Stephens in August 1984, was convoluted and inconsistent (see Table 18).  
Table 18.   Regulation control amendments following the outbreak of  C. gigas  in Port Stephens in 
1985 
Date Effect of Regulation 
!2 July 1985 State-wide prohibition on taking of  S. glomerata from lease unless all  C. gigas  
destroyed. 
29 Nov 1985 State-wide prohibition on taking of  S. glomerata from lease unless for depuration. 
13 Dec 1985 Closure on relay from Port Stephens from October to May unless heat dipped at 
80o C for 2 seconds and inspected. 
8 Aug 1986 Prohibit taking of  S. glomerata unless compliant with  C. gigas  control program. 
15 April 1988 4 zones established for NSW estuaries,  C. gigas  criteria, log book scheme 
established; Zone 2 (closed to movements from all other zones). 
2 June 1989 Zoning amended to permit movements of tray oysters to Zone 2  
28 Sep 1990 Prohibit movement of caught sticks from Port Stephens. 
15 Nov 1990 Relay and sale of  S. glomerata from Port Stephens permitted.  
21 Dec 1990  Relay of  S. glomerata from Port Stephens to Zone 2 prohibited; unrestricted  C. 
gigas  on Port Stephens leases. 
10 May 1991 All  S. glomerata relayed from Port Stephens must be inspected; specific random 
inspection levels and criteria established for relaying state-wide. 
6 Dec 1991  C. gigas  levy introduced for Port Stephens  C. gigas  farmers. 
20 Mar 1992 Port Stephens relay inspections relaxed to random 20 per cent of load. 
17 June 1992 Five zones established. Relay of  S. glomerata on trays allowed to all estuaries from 
Port Stephens. 
28 May 1993 Seven zones established. Relay of  S. glomerata from Port Stephens to estuaries 
from Hastings to Sandon River prohibited. 
 
In the early 1990s a dedicated compliance unit (‘the Gigas squad’) was set up by NSW 
Fisheries to undertake crop inspections on leases and at land bases throughout NSW 
looking for  C. gigas . This was at an annual cost to government of approximately 5 per 
cent of the industry gross annual value of oyster sales. Additional costs to government, 
for individual estuary  C. gigas  management programs, were probably of a similar cost. 
The cost of PO introduction and management to the NSW oyster industry has been 
enormous.  Based on abandoned and derelict oyster lease cultivation and discussion 
with industry members, this loss is probably in the order of $100 M, based on capital 
and opportunity loss. The ramifications of PO introduction and subsequent 
management have been considerable for the NSW oyster industry and the wider 
community, both politically and economically (Ogburn, 2006), and still linger today. 
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7.5.4   Implications for Port Stephens as an Oyster Nursery 
At the time, Port Stephens was the primary nursery ground for the NSW  S. glomerata 
industry and in 1984–1985 directly employed 266 full-time workers (AOFPA, 1986)17  
and provided the major source of stock for the NSW  S. glomerata industry (Espinas, 
1987). In 1984–1885, a total of approximately 3.5 million caught sticks were produced 
in Port Stephens. Approximately 3 million tarred sticks were laid out on catching leases 
in Salamander Bay (see Figure 39). Of these, 1.5 million caught sticks or 16 thousand 
bags of all-ins and 6 thousand bags of spat, were transferred to other estuaries from 
Port Stephens (AOFPA, 1986). The computed state annual production in 1985 is 
estimated to have been approximately equivalent to 3 million sticks18, equivalent to 
what was put out for catching in Port Stephens each year at that time. Around 250,000 
caught sticks were sent south of the Clyde River annually. By 1987 this had stopped 
(Espinas, 1987). The management controls, originally introduced in 1985, severely 
affected the viability of the  S. glomerata industry, particularly for Port Stephens oyster 
farmers. During the next five years the Port Stephens oyster industry, which produced 
the vast bulk of juvenile oysters for other estuaries in NSW, was reduced by 90 per 
cent with production falling from forty-three thousand bags in 1976 to four thousand 
bags in 1997 with major bankruptcies and abandonment of leases. 
 
                                            
17  The AOFPA (1986) calculated that in 1884–1885 Port Stephens was responsible directly and 
indirectly (caught sticks sold to other estuaries) for 85 per cent of NSW oyster production of S. 
glomerata.  
18  A good industry harvest average = 5 bags / 100 sticks (B. Phillips, personal communication, July 
2004). 
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Figure 39.   S. glomerata catching area at Salamander Bay, Port Stephens in 1985. Posidonia beds have 
declined by 30 per cent in this area since the leases were removed during the 1990s  
 
7.6   Lessons Learned on Pacific Oyster Management in NSW 
The direct impacts on industry, and particularly for those using traditional stick culture 
methods in Port Stephens, were very significant.  C. gigas  management is now clearly 
a pest management concern for the oyster industry. It has not appeared to result in 
other significant environmental and resource management concerns. Overwhelmingly, 
the matter was subsumed in political controversy and fractured the NSW oyster 
industry. A careful historical analysis of the events relating to Pacific oyster 
management in NSW  provides a classic expose on the consequences of not 
implementing a decision-making process in a risk assessment framework, as noted in 
Chapter 2. Such a decision making process needs to   provide proof that the proposed 
risk management processes are efficient, effective, legitimate and socially acceptable. 
In particular that: 
• alternative actions are less cost-effective  
• the required course of action would result in the anticipated positive results  
• the actions are in line with due process and democratic procedures  
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• these actions are finding public approval. 
 
Furthermore, as noted in Chapter 2, the discursive processes in the risk assessment 
process need a structure that ensures the integration of technical expertise, regulatory 
requirements and public values. Decisions on risk need to reflect effective regulation, 
efficient use of resources, legitimate means of action and social acceptability. The 
outcomes of  C. gigas  management in NSW serve as a lesson on this point. 
 
The cost of  C. gigas  introduction and management to the NSW oyster industry has 
been enormous. Based on abandoned and derelict oyster lease cultivation and 
discussion with industry members, this loss is probably in the order of $100 million, 
based on capital and opportunity loss. The ramifications of  C. gigas  introduction and 
subsequent management have been considerable for the NSW oyster industry and the 
wider community, both politically and economically (Ogburn, 2007b), and still linger.  C. 
gigas  are now found in the wild oyster community of the intertidal zone in most 
estuaries south of the Macleay River (31o S) in NSW, including estuaries such as Port 
Jackson, where oyster farming has not occurred for many decades (Steve McOrrie, 
NSW DPI, personal communication, May 2004).  
 
Regulatory controls for  C. gigas  have since diminished and a general approach to  C. 
gigas  control has evolved, based on good aquaculture practice for managing 
overcatch. This is managed at an enterprise level. It is built-in as an essential 
component of management of crop biofouling in the production cycle and  C. gigas  is 
now not considered a high environmental risk to NSW estuaries.  
 
7.7   Biosecurity – A Risk-based Approach 
Biosecurity, in its broadest sense, describes the concept and process of managing 
biological risks (FAO, 2002). The Food and Agricultural Organisation (FAO) has outlined 
the scope of biosecurity as follows:  
Biosecurity is composed of three sectors, namely: food safety, plant life and 
health and animal life and health. These sectors include food production in 
relation to food safety, the introduction of plant pests, animal pests and 
diseases and zoonoses, the introduction and release of genetically modified 
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organisms (GMO’s) and their products, and the introduction and safe 
management of invasive alien species and genotypes. Biosecurity thus has 
direct relevance to food safety, the conservation of the environment 
including biodiversity and sustainability of agriculture (FAO, 2002).  
 
In a narrower sense biosecurity can be defined as a set of practices that, when 
followed, will limit the spread of disease, parasite and pest causing organisms from 
one location to another. The New Zealand Government defined Biosecurity as: 
… the system for the prevention, eradication and management of the risks 
posed by pests and diseases to the economy, the environment, and human 
health” (Biosecurity Council, 2003) 
7.7.1   Acceptable Level of Protection (ALOP) 
At a national level, the primary purpose of biosecurity is to protect against the entry, 
establishment and spread of unwanted pests and diseases that may cause social, 
economic or environmental damage, while minimising restrictions on movements and 
trade (DAFF, 2007). Establishing an appropriate level of protection (ALOP) for 
biosecurity matters in Australia is dependent on risk assessment. The World Trade 
Organisation (WTO) defines an ALOP as: 
the appropriate level of sanitary or phytosanitary protection against risks to 
human life or health, or to animal and plant life or health’, and defines it as 
‘the level of protection deemed appropriate by the Member establishing a 
sanitary and phytosanitary measure to protect human, animal or plant life 
or health within its territory  
 
Determination of Australia’s ALOP for a product is an issue for government in 
consultation with the community. It is important to note that the Sanitary 
Phytosanitary Agreement (SPS) of the WTO does not require a Member to have a 
scientific basis for its ALOP determination (DAFF, 2007). In Australia this generally 
means a level of protection that is high or very conservative aimed at reducing risk to 
very low levels. It is not based on a zero risk approach. At its best the ALOP should be 
applied consistently, without any arbitrary variation when applied to different 
situations whether for plants, mammals or fish.  
7.7.2   National Aquatic Translocation Policy 
It was recognised nationally in Australia, that: 
All translocation proposals should undergo an adequate and balanced risk 
assessment process, particularly with regard to the pest potential, disease 
status, potential to introduce parasites and diseases and possibilities of 
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affecting biodiversity, in accordance with consistent risk assessment 
protocols aimed at minimising adverse impacts. (MCCFA, 1999)  
 
This has led to the preparation of National Translocation Policy Guidelines for aquatic 
organisms. These guidelines set out a risk assessment process for considering 
translocation policy concerns. 
 
Some degree of risk is inevitable with trade in live aquatic animals. Consequently, 
policies and practices must operate within the concept of minimising the risks of 
ecological, genetic and disease incursion while, at the same time, avoiding imposition 
of unjustifiable or unnecessary impediments to trade, aquaculture development and 
aquatic food production (MCCFA, 1999). Each state or territory jurisdiction in Australia 
calculates the level of risk involved in receiving aquatic animals based on their own risk 
assessment of consequences and likelihood and assesses the result against their own 
ALOP. As the likelihood and consequences will vary depending on the environmental 
characteristics of a state jurisdiction, and species (both wild and farmed) present 
within a jurisdiction, the level of risk associated will be measured differently by 
jurisdictions. This means that the movement may meet ALOP in some states but not in 
others. 
 
Knowledge of the health status of aquatic animal populations or stocks proposed for 
translocation is an essential prerequisite for risk assessment of pathogen transfer. 
Health certification and associated quarantine measures are therefore integral parts of 
the overall health consideration process (Ogburn, 2007b). The Australian national 
policy aims to achieve consistent translocation policies based on: 
… a nationally accepted, explicit and transparent risk assessment process, 
which is scientifically based and appropriate to the circumstances and 
considers both the likelihood of escape / release and subsequent survival 
and establishment of translocated species and their attendant 
consequences (MCCFA, 1999)  
 
While the national policy is intended as a guide for the development and 
implementation of risk assessment measures at state or territory level, the states and 
territories have legislative responsibility for translocations into, and within, their 
jurisdictions and can make decisions based on their individual risk assessment process. 
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7.7.3   Establishing a Risk-based Translocation Policy for PO in NSW 
The establishment of the National Aquatic Translocation policy (MCCFA, 1999) and the 
development of risk-based approach to biosecurity in NSW was the first step in 
resolving the long standing impasse on permission to import  C. gigas  spat from 
interstate hatcheries to support the diploid  C. gigas  farms in Port Stephens where 
farming of  C. gigas  was legal and enable the farming of mated triploid spat in 
estuaries outside Port Stephens. As noted earlier,  C. gigas  policy was a contentious 
issue in NSW with a long history and treatment of this issue required a discursive 
process that ensured the integration of technical expertise, regulatory requirements, 
and industry and community values. The policy required the selection of criteria on 
which acceptability or tolerability could be judged in finding optimal strategies for 
coping with remaining uncertainties to enable to translocation of  C. gigas  spat from 
interstate hatcheries. This policy was endorsed by the NSW oyster industry and 
subsequently approved by the Minister in 2003. Research and data collection to 
improve characterisation of triploid  C. gigas , and thereby more effectively design risk 
management programs to reduce, mitigate or eliminate the most severe problems, 
were conducted in Port Stephens (Nell and Perkins, 2005b). In addition surveys of the 
Georges River and Hawkesbury River estuary intertidal areas as part of environmental 
impact assessments for proposals to farm triploid  C. gigas  in those QX impacted 
estuaries estimated that there were between 430 and 1700 million  C. gigas  (Marine 
Pollution Research Pty Ltd, 2004) in the Georges River and at least 410 million  C. gigas  
in the Hawkesbury River (Marine Pollution Research Pty Ltd, 2005). Several estuaries in 
NSW have begun farming ‘mated’ triploid  C. gigas  following development of risk-
based policy on the translocation of  C. gigas  and an environmental impact 
assessment under the Environmental Planning and Assessment Act, 1979. These 
include Wallis Lake, Hawkesbury River, Georges River and Crookhaven River (B. Allen, 
personal communication, December 2010). 
7.7.4   Biosecurity in the Oyster Fishery 
Crawford (2003) examined the detrimental effects of non-native oyster farming in 
Tasmania and concluded that the risk of introduction of pests or pathogens is high. 
Several alien marine organisms have reportedly become established in various shellfish 
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farming areas around the world after having being unintentionally introduced with 
translocation of mollusc seed. These include competitors of bivalves (e.g. Blake, 1999; 
Minchin, 1996) and diseases (e.g. Van Banning, 1986; Kaiser et al., 1998; Ogburn, 
2007b; Ogburn et al., 2007). Invasive alien seaweeds are thought to have been 
introduced into European waters through the transport of the sporophyte stage in 
oyster juveniles, or as small plants attached to bivalve shells (Rueness, 1989). Relaying 
of shellfish stocks from one area to another can also provide a mechanism of transfer 
for viable dinoflagellate cells or resting cysts packed in the faeces or digestive tracts of 
shellfish (Scarratt et al., 1993). A review of the potential for translocation of marine 
pests from Queensland to NSW through movement of wild grown oyster stock 
identified 17 taxa as pest organisms that have the potential to be translocated to 
uninfected bioregions in NSW (Walker, 2005). This included 9 polychaetes from the 
polydorid spionid group, 1 flatworm, 2 boring sponges, 3 ascidians, 1 colonial hydroid 
and 1 protist (QX). In the course of this work it is apparent that the Hawkesbury 
bioregion has been heavily impacted by pest species already and this may have been a 
focal point for radiation of some pest species to other bioregions. 
7.8   Aquatic Biosecurity in NSW  
In 2005, NSW DPI established the Aquatic Biosecurity branch operating under the 
Office of the Chief Veterinary Officer of NSW to work with industry, other agencies and 
the community to manage all types of aquatic biosecurity risks with the objective of 
protecting the economy, human health and the environment from problems 
associated with aquatic pests, diseases and saltwater weeds (NSW DPI, 2010a). The 
establishment of this agency branch by NSW Government recognises and validates the 
hypothesis of this thesis that the economic, social, cultural, human health and 
environmental sustainability objectives of the NSW oyster industry requires a 
historically- and scientifically-based risk assessment framework for selecting, managing 
and cultivating oyster farming areas. 
7.9   Conclusion 
Results in Chapter 7 demonstrate that policy based on a risk assessment framework 
optimise outcomes for strategic management of the NSW oyster industry. The 
historical lack of a structured risk assessment framework for translocation has had 
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catastrophic impact on the NSW oyster fishery since European arrival and 
fundamentally put at risk the objectives of the industry. The lessons learned from the 
risks posed by  C. gigas  in NSW following its illegal introduction in Port Stephens in 
1984 which triggered a chaotic, inconsistent and opaque policy evolution for 
management of  C. gigas  over the following two decades demonstrates the 
importance of having a risk framework from the outset. The ramifications for the 
industry and wider communities in regional NSW estuaries were considerable and long 
lasting. Evidence based risk assessments to enable triploid  C. gigas  farming in the 
Georges River and Hawkesbury River suggest that previous movement restrictions to 
control  C. gigas  in NSW had become redundant and did not optimise outcomes for 
the NSW oyster industry. The opportunity to farm triploid  C. gigas  in these estuaries 
opened a pathway to addressing key economic risks in the NSW oyster industry.  
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CHAPTER 8 – WATER QUALITY AND OYSTER HEALTH  
 
8.1   Introduction 
Chapter 8 investigates the interactions between water quality and risks to oyster 
health and production. The interaction of water quality on oyster production is a key 
element in selecting and managing risk in oyster production areas. Section 8.2 
describes the link between the health of oysters and water quality. Section 8.3 
provides a historical review of water pollution in estuaries and Section 8.4 reviews the 
types and sources of pollution and documents their effect on health of estuary 
ecosystems and in particular oysters. Section 8.5 reviews these two major disease 
threats to the NSW oyster industry. A case study documents the steps undertaken in a 
QX disease risk assessment used to assess and manage impacts of a sudden QX 
outbreak in the Hawkesbury River oyster industry in 2004. Outcomes of the QX disease 
risk management policy are discussed. 
8.2   The Epidemiological Triad 
A key motivation for undertaking the studies contained in this thesis is the premise 
that the NSW oyster industry is an indicator of coastal policy and practice in NSW. It 
was suggested in Chapter 1 that the oyster industry was vulnerable because of the lack 
of protection and planning for oyster growing areas. Snieszko’s (1974) classical 
diagram (Figure 40) of the effects of environmental stress on outbreaks of disease in 
fish depicts the conceptual relationship in which the disease organism, host and 
environment interact for disease to occur. This is referred to as the epidemiological 
triad consisting of hosts, pathogen and environment. Understanding how aquatic 
systems respond to stressors, which is fundamental to their management, is far from 
straightforward because often multiple stressors are in operation (Allan 2004; Culp and 
Baird, 2006). Stressors can have both lethal and non-lethal effects that impact on 
individuals and populations, and these may be additive, antagonistic or synergistic 
(Relyea, 2005; Kelly et al., 2010). Environmental stressors as a cause for disease 
outbreaks in oysters, is an area of increasing research attention (e.g. Newton et al., 
2003; Kelly et al., 2010). Evidence linking bivalve defence responses with pollutant 
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exposure is increasing. In field studies of the eastern oyster in various embayments, 
Oliver et al. (2001) found significant positive relationships between most defence-
related characteristics and at least one contaminant, including various PAH, PCB and 
trace metal analytes.  
 
 
 
 
Figure 40.  Snieszko’s (1974) diagram of the effects of environmental stress on outbreaks of diseases. 
Factors that are related to the pathogen agent, host and environment must be present for 
the disease to occur. The overlap of the three circles, represented by D, signifies this 
 
8.3   History of Water Quality Concerns in NSW Oyster Fishery 
Throughout the last century, impacts on NSW oyster leases from surrounding 
catchment development were documented. Instances of prosecution of polluters 
impacting on oyster leases have occurred, including pollution from a gold mine in 
Wagonga River (Cox, 1893) and human sewage pollution in Koolnbung Creek, Port 
Macquarie (Chief Secretary of NSW Fisheries, 1912). In 1904 Middle Harbour in Port 
Jackson was closed because of human sewage pollution (Thompson, 1903) and the 
whole of Port Jackson was closed for the same reason in 1930 (Barbour, 1931).  
 
Land clearing and poor land usage practices resulted in erosion of catchments and 
oyster farmers and Fisheries Officers consistently reported consequent heavy siltation 
of lease areas in many NSW estuaries. Partly as a response to these reports, legislation 
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was implemented resulting in the establishment of the Soil Conservation Service in 
1938. The Fisheries Authority continued to warn against the extent of land 
development in the vicinity of catchment foreshores in NSW and the need to retain 
trees and natural flora along foreshores wherever possible (Chief Secretary Fisheries, 
1961). A standing Committee of government departments was established in 1961 to 
advise the NSW Minister for Health on the control of pollution of the rivers and 
estuaries (Chief Secretary Fisheries, 1961) but there is no mention of the Committee in 
subsequent annual reports suggesting that it had limited effect. The realisation of the 
magnitude and importance of diffuse pollution sources has led to research on 
improved land use practices, including better patterns of land use in the catchment 
landscape. One example is the use and improved management of forested riparian 
buffer zones in the coastal plain and drainage basin (Correll et al., 1992). 
 
Numerous cases of environmental advocacy by the NSW oyster industry have occurred 
in the last twenty years. These are mostly unchronicled. A few modern examples 
where risks to water quality were highlighted by the industry are listed in Table 19. 
 
Table 19.  Examples of water quality risks highlighted by the NSW oyster industry  
YEAR ESTUARY  IMPACT  ACTION 
1987 Tweed River Kills of all gilled organisms in 
23 km of the Tweed estuary 
by discharge from drained 
acid sulfate floodplain soils. 
Led to the establishment of 
the all of government plus 
industry Acid Sulfate Soil 
Management Advisory 
Committee and to the 
acceptance of a National 
Strategy on Acid Sulfate 
Soils.  
1988–1990 Shoalhaven R. Manildra Mills Starch Effluent 
Discharge causing anoxia in 
estuary. 
SPPC imposed zero 
discharge. 
1988 Hawkesbury R. TBT anti-foulant impact on 
shellfish. 
Ban was imposed on vessels 
< 30 m. 
1990–1991 Georges R. Sydney Water sewage 
overflows. 
Rectification of much of 
problem. 
1980–1998 Port Stephens Urban development with 
increased Sewage Treatment 
Plant (STP) discharge into 
estuary. 
Land re-use and EPA 
Protected Water Status for 
estuary.  Ocean outfall 
established. 
1996 Tweed R. Tweed Council Sewage line 
ruptures. 
Located and rectified 
permanently. 
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1996–2004 Hastings R. Acid Sulfate soil discharge into 
estuary by drainage of 
wetlands e.g. Ti tree 
plantation. 
ASS LEP to better manage 
coastal floodplains as a 
state-wide strategy for ASS 
control. 
1998 Manning R., Dairy sheds direct discharge 
of manure waste into estuary. 
NSW Ag implemented land 
re-use BMP guidelines and 
$’s to dairy industry. 
1997–2004 Hawkesbury, 
Manning & Clyde 
R. 
Tourist vessel discharge of 
raw sewage into oyster 
growing areas. 
Installation of sewage 
pump-out facilities by 
Council / State and new 
regulations. 
1998 Wallis Lake Discharge from faulty public 
toilets into oyster growing 
areas. 
Sewage reticulation rectified 
by Council. 
2003 Hastings R. Dredge plume impacts due to 
Al/Fe. 
Strict standards placed on 
dredge plume in sensitive 
areas. 
2003 Lansdowne R. Acid Sulfate soil drainage 
discharge. 
Area redeemed as wetland 
with Council assistance. 
2002–2003 Wallis Lake and 
Crookhaven R. 
Impact of cattle manure on 
estuary water quality. 
Riparian fencing funding 
allocated for hotspot areas. 
2004 Brisbane Water Extreme FCU levels in 
Kincumber. 
Council rectified sewage 
leaks. 
 
8.4   Risk Analysis of Water Quality in Estuaries 
From a continental point of view, estuaries are the recipients of almost all of the runoff 
and groundwater flows yielded by a catchment and are therefore exceedingly 
vulnerable to catchment pollution (Pierson et al., 2002). There are numerous sources 
of such contamination, including urban and industrial effluent discharges, contaminant 
transport by rivers and agricultural runoff. Raised concentrations of pollutants can 
have serious effects on the health and diversity of plant and animal populations, 
including oysters and on the safety and consumption of live oysters. Determining the 
‘health’ of estuaries has been identified as a priority research area in Australia 
(Fairweather, 1999). 
8.4.1   Catchment Clearance and Sediment Run-off 
Land clearance, for rural or urban development, will invariably influence erosion rates 
within a catchment, and in turn the amount of sediment being deposited in lakes and 
estuaries. Such accelerated processes of erosion frequently have implications not only 
for health of the catchment but also for that of the aquatic systems into which the 
sediment is deposited. Higher rates of transport and deposition can affect the turbidity 
and geomorphology of lakes and estuaries, with channels infilling at an accelerated 
rate and the nature of the sediments themselves often being altered. Estuary infilling is 
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also a natural part of estuary evolution to which oysters have adapted and research 
suggests that decadal siltation rate within most NSW estuaries appears not to have 
varied significantly in the last 200 years (Roy, 1984; Roy, 1994; Roy, personal 
communication, June 2004). 
 
However, while siltation rate in estuaries may not have increased, there is evidence to 
suggest that increased sediment loads from catchments have occurred. An estimated 
55 per cent of NSW estuaries have undergone a doubling of loads of total suspended 
sediments since European colonisation (NSW SoE, 2009).  Increased sediment 
transport from catchments has implications for aquatic vegetation and fauna and, 
down the line, environmental and economic consequences, particularly for activities 
such as fisheries (Harle et al., 2002). In NSW 37 per cent of estuaries have more than 
half the land area of their catchments cleared (ASoE, 1996). The average extent of 
vegetation clearance in all estuary catchments in NSW is approximately 40 per cent 
(NSW SoE, 2009). Australia’s coastal sedimentary environments have changed 
significantly since European settlement due to the effects of urban, industrial and 
agricultural development. The turbidity of 27 estuaries was sampled for the period 
2005–2008 and assessed according to the percentage of samples complying with 
trigger levels thought necessary to protect estuarine ecosystems (ANZECC, 2000). Of 
the estuarine locations monitored, only four (15 per cent) complied with trigger levels 
more than 90 per cent of the time while 13 (48 per cent) complied with trigger levels 
less than 75 per cent of the time (NSW SoE, 2009).  
 
Sediments in aquatic ecosystems can also accumulate pollutants with concentrations 
many orders of magnitude greater than in associated water column. Present chemical 
testing of water in estuaries is likely to underestimate the risk posed to organisms by 
sediment and particulate bound pollutants (Quinnell et al., 2004). 
8.4.2   Environmental Flows 
The term ‘environmental flows’ refers to water that is protected from extraction or 
released from a dam or weir to maintain river health (DNR, 2010). Environmental flow 
rules are a means of managing the risk of significant impact on river health and better 
mimic the natural river flow. Excessive extraction of water from upper catchment has 
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the potential to dramatically alter salinity gradients and increase the migration of salt 
water upstream. As noted in Chapter 4 salinity gradients play a major role in 
determining the structure and function of estuaries due to the influence on habitat 
distribution and biophysical processes. There is a critical lack of information on key 
biophysical functions and processes that are affected by freshwater inflows in NSW 
estuaries (NSW DoW, 2005). Freshwater diversions can alter the risk profile of oyster 
lease areas in an estuary. Studies have shown that numerous freshwater releases kept 
Perkinsus marinus infection intensities in Eastern oysters at low levels, resulting in an 
overall low weighted prevalence, low oyster mortality and good growth (La Peyre et 
al., 2003). The use of an adaptive management approach involving control of 
freshwater inflows was suggested as invaluable to the oyster industry in areas close to 
freshwater diversion projects (La Peyre et al., 2003). Similar anecdotal observations 
have been made by oyster farmers in the Crookhaven River including mitigation of 
Winter Mortality (B. Allen, personal communication, December 2010). 
8.4.3   Eutrophication 
Eutrophication, an increase in the rate of primary production in an ecosystem (Nixon, 
1995), is primarily a result of nutrient loading from anthropogenic sources, especially 
inputs of nitrogen and phosphorus from agriculture, urban sewage, animal waste and 
atmospheric fallout (Nixon, 1995; Kirby, 2004). Zimmerman and Canuel (2002) 
estimated that both total organic carbon delivery and algal and bacterial production 
have increased in Chesapeake Bay by 150 per cent or more, compared with pre-
Colonial times, with a temporal progression similar to anthropogenic alteration of the 
watershed. The amount of nitrogen that human activity removes from the 
atmosphere, turns into fertilisers and distributes into waterways, is now greater than 
the amount extracted by all vegetation on earth (Steffen et al., 2003).  
 
Sustainable nitrogen loads at high de-nitrification efficiencies are about three to four-
fold those at low de-nitrification efficiencies across all estuarine morphologies at 
waterbody residence times of between about 100 days (ICOLLs) and two days (river-
dominated estuaries). A conservative perspective suggests that nitrogen inputs of less 
than about 50 mg N m-2 day-1 for most estuaries of temperate Australia will not result 
in eutrophication and trigger significant ecological changes (Heggie, 2006). This 
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knowledge of biogeochemical and nutrient enrichment processes suggests that de-
nitrification is a more effective process than flushing to prevent eutrophication. Wave 
dominated estuaries are considered to be at high risk of eutrophication. An 
appreciation by stakeholder groups of estuarine morphologies, flushing characteristics 
and de-nitrification are therefore important to enable them to develop sensible 
strategies to prevent risk of eutrophication. These include limiting the discharge of 
sediments and nitrogen from catchments and maintaining a healthy and active 
benthos (Heggie, 2006). 
8.4.4   Hysteretic Changes 
It is necessary to differentiate between eutrophication and environmental 
deterioration because some estuaries may have eutrophication with little apparent 
environmental deterioration (Officer et al., 1982; Kirby and Miller, 2004). As 
eutrophication occurs, blooms of algae become more frequent, intense, and of longer 
duration and can lead to increased growth and abundance of suspension feeders. Once 
established, excessive algal blooms are difficult to rid from the system. Estuaries 
appear to behave in a nonlinear, hysteretic manner (Harris, 1999), that is, after 
relatively small changes they exhibit dramatic collapses that are not easily reversed 
(White, 2001). A hysteretic change in benthic meiofauna composition is commonly 
observed where excessive pollution occurs (Stenton-Dozey et al., 1999; Mirto et al., 
2000). In such circumstances, hypoxia arising from a shift to a microbial dominated 
system may impact on ecosystem function, resulting in mass mortality of benthic 
invertebrates and energy diversion from consumers to microbes (Baird et al., 2004). 
 
There are many factors associated with environmental deterioration that are known to 
negatively affect the fitness of oysters. Important factors include: 
• seasonal loss of dissolved oxygen (hypoxia) 
• increased blooms of harmful algae including shift from diatoms to 
dinoflagellates and cyanobacteria 
• increased incidence of parasitic disease, e.g. MSX and QX disease.  
(Kirby and Miller, 2004)  
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Most of these occurrences are symptomatic of a major shift in trophic structure from a 
metazoan-based food web in which primary production is grazed by benthic 
suspension feeders, to a microbial dominated system in which primary production is 
mostly consumed by expanded populations of bacteria (Jonas, 1992; Jackson et al., 
2001). The trophic structure for a degraded temperate estuary appears to follow a 
generic pattern (Baird et al., 2004), namely: 
1. Intense algal blooms and high production of free living bacteria 
2. Trivial levels of rooted aquatic plants 
3. Depleted apex predators 
4. Functional extinction of the historically dominant benthic grazers, the oyster 
reefs. 
8.4.5   Water Quality Impacts from Agriculture 
Farming has been identified as the most significant cause of sedimentation and 
nutrient enrichment in east coast Australian estuaries (White, 1994). For example, 
range lands cover about 75 per cent of Australia and during the early years of pastoral 
development caused major changes to vegetation and soils due to unsustainable 
stocking rates (ASoE, 1996). The Manning River, for example, has 230 tonnes of 
Phosphorus and 2200 tonnes of Nitrogen cycled through the estuary on average each 
year (Greater Taree City Council, 1997). Over half the phosphorus and two thirds of the 
nitrogen comes from the ocean. The rest comes from the catchment with over 70 per 
cent from diffuse farm sources (Smith and Crossland, 1999). Farming is responsible for 
70 per cent of nitrates and more than 40 per cent of phosphates entering English 
waters (DEFRA, 2004). Although synthetic fertilisers were first commercially available 
and used in the 1920s, they did not see widespread use until the 1950s (Nixon, 1995). 
Studies in Chesapeake Bay (America) indicate that it was at this time that the estuary 
entered a state of advanced eutrophication that is reflected in the quantity and quality 
of sedimentary organic matter of the mid-Bay (Zimmerman and Canuel, 2002).  
 
Chai et al. (1994) surveyed aerobic bacteria, coliforms and coliphages in the waters of 
Chesapeake Bay during the shellfish harvest season in 1989. They reported that water 
samples collected from sample sites adjacent to heavily cultivated cropland exceeded 
the faecal coliform bacteria standard more frequently than samples collected from 
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sites located adjacent to a large urban area. Closure of shellfish growing areas in Puget 
Sound because of non-point source bacterial contamination in rural areas – 
characterised by small acreage, semi-recreational farms, rural residential 
development, and moderate residential density on the estuarine water frontage – 
indicated agricultural sources to be the major problem, with failing septic tanks the 
suspect in some areas (Saunders, 1985). This risk to human health is examined in 
Chapter 9. 
8.4.6   Water Quality Impacts from Urbanisation 
Leopold (1968) contends that of all the land use changes affecting the hydrology of an 
area, urbanisation is by far the most forceful. Urban run-off, i.e. the water that flows 
over and through very developed areas and spills eventually into rivers and estuaries, 
can contain many contaminants, especially heavy metals such as copper, lead, 
cadmium and zinc (Spooner et al., 2003). Copper, zinc, mercury, poly aromatic 
hydrocarbons, poly-chlorinated biphenyls and chlordane were found to exceed effects 
range median or probable effects level sediment quality guidelines in many American 
estuaries and were considered the six major toxic chemicals or chemical groups of 
concern in estuarine pollution (Schueler, 1987; Long et al., 1995). French studies have 
shown that phosphorus contained in urban run-off ranges between 1~5 kg P·ha of 
urban area-1·yr-1 (La Jeunesse and Elliott, 2004).  
 
Urban run-off is thought to contribute between 50 and 90 per cent of most pollutants 
in urban waterways in Australia (Stark, 1998). Yet it tends to receive little attention, 
especially compared to other forms of pollution, which are more obvious to the eye or 
the nose (Stark, 1998). Robinson et al. (2004) reported results of trace metal 
measurements in  S. glomerata flesh taken over 20 years in NSW estuaries to examine 
the influence of mass, gender, age, and within site variation on trace metal 
concentrations. Analysis of oyster trace metal concentration data by a principal 
component analysis discriminated the estuaries with respect to their trace metal 
concentrations. The first factor was closely aligned with Cd, Pb and Se concentrations 
and the second factor was aligned with Cu and Zn concentrations. All five metals 
contributed strongly to the ordination space. The ordination on the first factor clearly 
separated the Georges, Hasting and Hunter Rivers, which are estuaries with 
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catchments dominated by urban and industrial areas, from the other estuaries with 
catchments dominated by agriculture and forests which tended to have higher Cu and 
Zn concentrations (Robinson et al., 2004). 
8.4.7   Indicators of Urban Run-off 
In a study of 22 Puget Sound streams, May et al. (1996) found that the key index for 
gauging impacts on urban streams is total impervious area (TIA) of the catchment. TIA 
is composed of rooftop and transport (e.g. roads and driveways) components. 
Research conducted in many geographical areas has concluded that stream 
degradation occurs at approximately 10–20 per cent TIA (Schueler, 1995). Mallin et al. 
(2001) found in a study of tidal creeks in North Carolina between 1984 and 1987 that 
catchments with less than 10 per cent TIA had generally good water quality and large 
areas open to shellfish harvesting; watersheds with 10 to 20 per cent TIA cover had 
impaired water quality and shellfish closures in the upper portions of the creeks; and 
catchments with greater than 20 per cent TIA cover had severely polluted waters with 
all areas of the creeks closed to shellfish harvesting (Mallin et al., 2001, 2000). The 
researchers also evaluated the effects of rainfall on water quality in 11 coastal plain 
streams, strongly correlating rainfall events with faecal coliform counts and turbidity 
except in watersheds with extensive wetland cover. The findings highlight the 
combined importance of limited impervious cover and intact vegetation and wetland 
systems for mitigating microbial contamination of estuary waters.  
8.4.8   Dissolved Organic Carbon 
Dissolved organic carbon (DOC) is the major form of organic matter transported by 
large rivers and represents an important movement of carbon from terrestrial to 
coastal systems. Concentrations of DOC in New York's Hudson River have doubled over 
the past 16 years, implying a substantial increase in net movement of organic carbon 
from the watershed to New York Harbour and Bight. During the same time period 
there has been a decline in net consumption of DOC during travel through the tidal 
freshwater portion of the Hudson (Findlay, 2005). This reduced removal of DOC 
amplifies the apparent increased load of DOC from the Hudson's watershed, resulting 
in an overall doubling of DOC delivery to the lower reaches. Temperature, water yield 
and land cover have not changed in ways that would make these viable causes for the 
altered DOC loadings. Findlay (2005) postulates that one plausible mechanism driving 
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both of these changes is a soil microbial response to increased nitrogen deposition, 
resulting in greater export of humic material and suggests other surface waters 
draining regions receiving continued high rates of nitrogen deposition, perhaps from 
automobile smog, may be undergoing similar, currently undetected shifts in quantity 
and composition of carbon in transport. This is perhaps one avenue of investigation in 
relation to understanding why estuaries become susceptible to QX in S. glomerata. 
8.4.9   Mitigation of Effects of Urban Run-off 
Bio-retention is a low impact development that has the potential to improve 
stormwater quality from urban areas (e.g. Persson et al., 1999). The practice 
represents a soil, sand, organic matter and vegetation-based storage and infiltration 
facility used to capture stormwater run-off in parking lots and on individual lots. 
Investigations using pilot-plant laboratory bio-retention systems and two existing bio-
retention facilities documented their effectiveness at removing low levels of lead, 
copper and zinc from stormwater run-off. Removal rates of these metals (based on 
concentration and total mass) were excellent, reaching close to 100 per cent for all 
metals under most conditions, with effluent copper and lead levels mostly less than 5 
µg L-1 and zinc less than 25 µg L-1  (Davis et al., 2003).  
8.4.10 Recreational Boating Impacts 
Recreational boating has also increased dramatically in estuarine waterways of NSW19.  
Increases in recreational boating in many coastal areas have resulted in a proliferation 
of marinas, many of which do not have facilities to collect or process sewage. Sewage 
discharge from boats has been implicated in a number of shellfish food poisoning 
events such as in Louisiana in America (Farley et al., 1997). Many marinas are located 
in or near productive shellfish-growing areas, as are the housing and other facilities 
related to such development. Boat engines also directly add significantly to pollution. A 
certain amount of the fuel that enters into a motor is discharged unburned and ends 
up in the water. Two stroke engines, which make up the vast majority of boat motors, 
are particularly inefficient. The average recreational powerboat injects over 100 L of 
fuel directly into the estuary each year (Stolpe, 1992). In 1996, the U.S. Environmental 
Protection Agency developed regulations with input and support from the marine 
                                            
19  E.g. the number of licensed power boats in Port Stephens in 2003 was over 5,000 (Source: NSW 
Maritime Department). 
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engine industry that will result in a 75 per cent reduction of hydrocarbon emissions by 
2025 from spark-ignition gasoline marine engines. A nine-year phase-in began in 1998, 
resulting in new, cleaner technologies being offered by industry (source: US EPA, 
2004). Establishment of docks and piers to service vessels including sewage pump-out 
facilities are also an important consideration in risk assessment of a shellfish area 
(Macfarlane et al., 2000). 
8.4.11  Boat Anti-foulants in NSW Estuaries 
Tributyltin (TBT) was used in Australia as an active ingredient in marine antifouling 
paints since the early 1970s. This resulted from earlier work of Bjorn Wisely (Wisely, 
1962; Wisely, 1963) who was brought to Australia by NSW Fisheries precisely because 
of the oyster and fishing industry interest in anti-foulants (Geoff Diemar, personal 
communication, December 2007). Modern copolymer paint formulations have an 
initial high leach rate of TBT which, within days, reaches a standard and constant value 
of around 4 µg TBT·cm-2·day-1. The half-life of TBT based anti-fouling paints in seawater 
is around six hours, but it rapidly partitions either to suspended sediments or to the 
surface micro layer. In sediments its half-life has been estimated at around 3.5 years 
(Batley et al., 1992). The impact of TBT on oyster growth and deformity (shell 
thickening) was raised when levels of 17–170 ng TBT·L-1 in Georges River and 
Hawkesbury estuaries were detected (Scammell et al., 1991). Small  S. glomerata spat 
(1–5 mg) subjected to moderate TBT levels (20 ng TBT·L-1) showed 66 per cent 
decrease in growth rate (Nell and Chvojka, 1992). This led to the banning of the use of 
TBT paints on vessels less than 25 m in length in Australia in 1988. Within two years of 
banning TBT, signs of impacts to oysters were absent (Batley et al., 1992). A number of 
new anti-fouling paints, claimed to be friendlier to the environment, have entered the 
market since prohibition of biocide containing paints such as TBT was enforced. In a 
study of six paints, Karlsson and Eklund (2004) concluded that five of them contained 
substances toxic to common marine organisms while a silicone-based paint did not 
exhibit toxic effects. It was recommended that biological assay tests should be used to 
identify if such products are harmful to the environment before they are released onto 
the market (Karlsson and Eklund, 2004). 
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8.4.12  Acid Sulfate Soils (ASS) on NSW North Coast Estuaries 
The strongly reducing conditions existing in muddy estuarine sediments, together with 
brackish water, iron in the sediments and sulphur fixing bacteria, are responsible for 
the in situ formation of iron sulphide materials such as pyrite (Melville et al., 1991). As 
the estuaries infill, pyrite bearing sediments aggrade to a strata typically <0.4 m AHD 
and are progressively blanketed by alluvium (Roy et al., 2001). The sub aerial alluvial 
plains associated with riverine channel components of estuaries comprise levee, flood 
plain, back swamp and abandoned channel sub environments (Roy et al., 2001). The 
contained pyrite is chemically stable as long as the deposits remain in reducing 
conditions below the water table. Where exposed to oxidation, such as by drainage 
works that have lowered water tables, highly acidic groundwaters have been produced 
(White et al., 1997). 
 
Sammut et al. (1996) found acid production rates in the order of 0.1 to 0.5 tonnes 
sulfuric acid·hectare-1·year-1 together with similar amounts of dissolved iron and 
aluminium. Some coastal floodplains in NSW are capable of discharging 1,000 tonnes 
of sulfuric acid and 500 tonnes of dissolved monomeric aluminium following a single 
storm event (White, 2001). Once oxidised, floodplains can continue to discharge acid 
water for centuries (White et al., 1999). Acidic metal-rich discharges have disastrous 
impacts on gilled organisms and had significant impacts on the oyster fishery in a 
number of oyster producing estuaries, particularly in northern NSW (Ogburn, 1996; 
Dove et al., 1999; Dove and Ogburn, 2003). Long-term exposure of  S. glomerata to 
ASS-affected waters will cause mortalities and reduced growth rates (Dove, 2003). In a 
study conducted in the Manning and Hastings River, NSW, Dove (2003) determined 
that apart from direct acidification impacts, oxidation products, particularly flocculated 
iron and aluminium, were mobilised great distances of up to 15 kms from their source. 
Elevated concentrations of colloidal iron and aluminium in turn dramatically reduced 
the relative organic content of the seston and lowered the nutritional quality of water 
for oysters (Dove, 2003). 
 
As a result of concerted efforts by the oyster, fishing and cane farming industries and 
some local governments, the NSW acid sulphate soil management advisory committee, 
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ASSMAC, was initiated in 1994. ASSMAC was a whole of government committee which 
included representation from the NSW Farmers Association and the Fishing Industry. 
Much later it expanded to include particular industries dealing with acid sulfate soils 
such as cane, ti-tree and oyster farming, development, tourism and local government. 
ASSMAC’s strategic plan had three prime thrusts:  
1. Identify the magnitude of the problem and increase awareness of it 
2. Prevent exacerbation of the problem by educating stakeholders and the 
introduction of planning and development controls 
3. Rehabilitation of problems through baseline information on successes and best 
management guidelines.  
 
The oyster and fishing industries were vigorous in protecting estuaries and were 
instrumental in securing funds from both Federal and State Governments for research 
and trial rehabilitation projects and for targeting ASS ‘hotspots’. Farmer surveys in 
1998 and 2002 found dramatic increases in farmer awareness of the problem and in 
the application of best management practices for acid sulphate soils particularly by the 
cane industry with monitoring showing that this is providing better water quality and 
increased oyster production (NSW DPI, 2004). 
 
Local programs to acquire, protect and maintain environmentally endangered coastal 
wetlands have become prominent in NSW. Programs that focus on land acquisition for 
conservation must include land stewardship, ecosystem management, biology, 
ecology, geology, economics, environmental education, community planning, public 
access and recreation (De Freese, 1995). The Yarrahapinni wetlands purchase on the 
Macleay River in central NSW proved, however, to be a disaster. Not all the wetlands 
were purchased and permission to change what had originally been a brackish tidal 
wetland but had been drained to a freshwater acidic wetland back into a brackish tidal 
wetland required a prohibitive EIA process (Ian White, ANU, personal communication, 
April 2006). 
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8.4.13  Dioxin Contamination in Sydney Harbour 
Dioxins, the generic term for a group of environmentally persistent toxic chemicals, 
can concentrate in body fat and accumulate as they move through the food chain. 
These properties mean that even low levels of dioxins in the environment may 
eventually pose risks to animals and humans. Dioxins have earned a reputation as 
being among the most toxic of organic compounds with acute and chronic effects 
including skin lesions (chloracne) in humans, and reproductive and immune disorders 
and some types of cancer in animal experiments. Given the potential for accumulation 
and the occurrence of toxicity at very low levels of intake in animals, the main health 
concerns for humans are likely to be associated with long-term intake through food. It 
is thus desirable to keep the human food supply as free from dioxins as possible (NSW 
Food Authority, 2006).  
 
Some areas around Port Jackson, where Sydney is located, were used as industrial 
production sites for many years and pollution from the industrial activities 
contaminated the waterways. One such site was the Rhodes peninsula with several 
chemical plants situated in the area since 1928. Union Carbide was one of the plants 
producing pesticides, including the herbicide mixture called Agent Orange. 
Reclamation work, sometimes using contaminated material, and run-off from the 
industrial sites created a contamination problem in the sediment of Homebush Bay in 
the fluvial delta section of Port Jackson. In the mid-1980s the chemical plants were 
shut down and subsequent testing of soil and sediment showed significant chemical 
contamination. From 1988 to 1993 initial remediation work on land was undertaken. 
When pesticide related contaminants were detected in fish and prawn samples from 
Homebush Bay and adjacent Parramatta River, various levels of fishing bans were 
introduced in 1989 to 1991 and were still current in 2005. Signs were placed along the 
banks of the Parramatta River warning of the hazards of consuming too much fish from 
the area. Commercial prawn trawling was allowed to continue. The signs rusted away 
and the fishing bans were not reviewed. Commercial and recreational fishing 
continued in much of the rest of Port Jackson. No further risk assessment was 
undertaken to examine this issue between 1991 and 2004. A national survey of dioxins 
in sediments published in 2004 found levels ranging from 0.002 to 520 pg TEQ / g dry 
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weight across Australia. The highest levels were found in the lower Parramatta River – 
western section of Port Jackson in Sydney (78 to 520 pg TEQ / g) (Müller et al., 2004). 
In November 2005 prawns sampled from five sites in the area indicated similar levels 
to those found during previous testing in 1989–1990, except that samples from outside 
the prohibited fishing zone east of Gladesville Bridge now also showed high levels of 
dioxins. The author was responsible for directing the sampling program and the NSW 
Fisheries member of the expert panel established by the NSW government to assess 
the risk. The thirty-six composite prawn samples were taken across seven sites 
throughout the estuary. The content of dioxins in the samples ranged from 3.1–22.9 pg 
TEQ / g fresh weight. Only three samples tested were lower than the EU limit of 4 pg 
TEQ / g fresh weight and they were all greasyback prawns most often used for bait. 
The compound 2, 3, 7, 8–TCDD which is considered the most toxic dioxin 
predominated. The mean across the sample sites was 11.3 pg TEQ / g fresh weight. 
Subsequent testing of finfish also showed relatively high levels of dioxins throughout 
the estuary and a complete ban on fishing in the estuary was introduced (Manning et 
al., 2007). 
8.4.14  Pesticides and Herbicides 
Widely used herbicides such as diquat, atrazine, diuron; nonylphenol, octylphenol and 
glyphosate, and parasites and other pathogens can act synergistically on aquatic 
vertebrates and invertebrates at environmentally relevant concentrations, and these 
might increase the risk of disease in fish (Kelly et al., 2010). In a study on oysters 
mortality effects resulting from a combination of herbicides / pesticides and bacterial 
challenge in  C. gigas  was demonstrated. It was hypothesised that pesticides modulate 
the immune response to a bacterial challenge in oysters (Gagnaire et al., 2007). Results 
have important implications when identifying risks to aquatic communities and suggest 
that threshold levels of glyphosate currently set by regulatory authorities do not 
adequately protect aquatic systems. Regulatory bodies tend to impose maximum 
allowable concentrations for aquatic pollutants based on standard short-term (96–h) 
toxicity tests, but by failing to account for interactions among stressors, managers may 
underestimate risk (Relyea, 2005; Kelly et al., 2010). 
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8.5   Major Disease Threats to Sydney rock oysters 
Parasites comprise a vast diversity of organisms that are specifically adapted to living 
in, or on, another living organism (the host). Over 50 per cent of described organisms 
can be classified as parasites (Price, 1980). They are metabolically dependent on the 
host for survival and feed and reproduce at the host’s expense. Parasites can be 
excellent indicators of environmental contaminants and stress, especially in aquatic 
ecosystems (MacKenzie et al., 1995). A large and diverse group of micro parasites are 
the eukaryotic, single-celled animals classified in the Kingdom Protista. The 
Haplosporidia and Paramyxea have each been elevated to phylum rank within the 
Protista (Perkins, 1990). It is in these two phyla that two major disease threats to  S. 
glomerata are found; Winter Mortality and QX.  
 
8.6   Winter Mortality Disease 
Winter Mortality is an intermittent and unpredictable disease of  S. glomerata in 
cooler estuaries on the east coast of Australia from Port Stephens to the southern limit 
of  S. glomerata distribution (Lauckner, 1983). Roughley (1926) first described the signs 
of Winter Mortality disease in the Georges River. Gross indications of the disease are 
light brown to yellow spots on the palps, gills, mantle and surface of gonad and 
ulceration of palps and adductor muscle. These signs in combination with increased 
mortality of  S. glomerata only become evident in winter (July–September). Death 
from Winter Mortality occurs mainly in late winter, but protracted additional losses of 
weakened survivors may continue through until the end of summer (Nell and Perkins, 
2005b). It is caused by the parasite Mickrocytos roughleyi (Farley et al., 1988). Work 
suggests the parasite is from the same Bonamia genus that is known to infect flat 
oysters (Cochennec-Laureau et al., 2001) and it is presently recognised as Bonamia 
roughleyi (Cochennec-Laureau et al., 2003). It is difficult to diagnose from either tissue 
imprints or histological preparations, mainly because of its small size (2–3 µm) and low 
parasite intensity in natural infestations. Seasonal cycles that are linked to dynamic 
environmental parameters further compromise efforts to determine the life cycle and 
population dynamics of the disease (Adlard and Lester, 1995). This disease thrives in 
salinities 30–35   (Farley et al., 1988), while dry autumns (high salinities) and early 
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winters, with impacts on nutrient availability, increase the probability of a severe 
infection (Wolf, 1979). Low environmental flows and resultant abnormal high salinities 
(39  ) in the upper reaches of the Crookhaven River in 2009 resulted in high levels of 
Winter Mortality on  S. glomerata leases that were historically free of the disease (B. 
Allen, personal communication, December 2010). 
 
Biological information on this cryptic parasite is very limited, even though the impact 
on commercial production of  S. glomerata has been catastrophic at times (Adlard and 
Lester, 1995). Basic epidemiological information remains unknown. Anecdotal 
information suggests that to establish infections, the parasite requires high salinities 
(30–35  ) and low water temperatures, and perhaps low nutritional availability, which 
cause either a proliferation of the pathogen or a decline in the community’s fitness 
(Adlard and Lester, 1995). Experimental infection studies with  S. glomerata immersed 
in water with temperature below 11o C (+/- 1o C) required 22 weeks to detect an 
infection cytologically (Adlard and Lester, 1995). This requirement for extended 
periods of cooler water temperatures appears to limit Winter Mortality occurrence to 
estuaries south of Wallis Lake.  
 
The Hawkesbury River and Tuross Lake and certain areas of other estuaries such as the 
Broadwater in Brisbane Water do not appear to suffer from Winter Mortality (Roger 
Clarke, Oyster Farmers Association, personal communication, June 2004). Oysters in 
their third winter, just before they reach market size, appear to be most susceptible 
(Lauckner, 1983). Economic impact can be very significant with losses up to 70 per cent 
on a single lease and estimated annual losses in the NSW  S. glomerata industry may 
exceed A$2.5 million in severe years (source: NSW DPI Fisheries Production returns 
2003–2004). 
8.6.1   Risk Management of Winter Mortality 
A related parasite to Winter Mortality, Bonamia ostrea, pathogenic for the European 
flat oyster Ostrea edulis, was introduced in 1980 with imported stocks of oysters from 
France to the Dutch oyster area Yerseke Bank (Van Banning, 1986). Experiments were 
carried out in the Yerseke Bank area, in the period 1981–1986 with yearly cleaning of 
the infected sites followed by one-season restocking of bonamiasis-free O. edulis (Van 
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Banning, 1983). The experimental cleaning and replanting resulted finally in a very low 
(near zero) prevalence for the Yerseke Bank in 1986 (Van Banning, 1988). Following 
commercial restocking in March 1988, bonamiasis returned in most of the replanted 
commercial oysters of the Yerseke Bank. It was considered that storage, handling or 
other stressing situations for O. edulis can favour or boost the development of 
bonamiasis (Van Banning, 1991). 
 
Risk management strategies to avoid Winter Mortality disease include transfer of stock 
upstream to lower salinity areas in Autumn; and increasing rack height 30 cm above 
normal elevation (-0.5 m AHD) (Smith et al., 2000). Combining these strategies by 
moving stock upstream in May, adjusting elevation so the oysters are submerged much 
less frequently ‘… so they just manage to get a drink’ and returning stock downstream 
after the last full moon in late September / early October has been reported to 
eliminate risk of Winter Mortality (B. Allan, Crookhaven Oyster farmer, personal 
communication, July 2004). In 2009 large Winter Mortality did unexpectedly affect 
stocks in spite of this strategy. Low environmental flows were blamed; salinity in the 
upper reaches exceeded 39   (B. Allen, personal communication, December 2010). 
Other strategies include selling stock before the end of July and the onset of mortality 
(Nell and Smith, 1988). Prior to  C. gigas  control regulation, the use of semi-mature (> 
2-year-old) stock termed ‘all-ins’, sourced mainly from Port Stephens, minimised the 
number of winters that stock would be exposed to this disease in more vulnerable 
southern estuaries (A. Philipps, Port Stephens Oyster farmer, personal communication, 
April 1996).  
 
Efforts to develop Winter Mortality disease resistant lines of  S. glomerata commenced 
at NSW Fisheries in 1972 (Anon, 1972). While this has been a lesser priority than QX 
resistance, some progress has been reported to date (Nell and Perkins, 2005b). 
Chemically induced triploid  S. glomerata was reported by oyster farmers on the NSW 
south coast to have significant resistance to Winter Mortality (Hand et al., 1998b).  C. 
gigas  is not affected by Winter Mortality and provides an alternative risk management 
option for Winter Mortality for oyster farmers in estuaries where the farming of 
triploid  C. gigas  is permitted in NSW. 
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8.7   QX Disease 
In 1968, mass mortalities of oysters cultured on the east coast of Australia and the 
west coast of France prompted epidemiological studies, which revealed the presence 
of two protozoans noted for their close similarities, specifically the unique process of 
cell-within-cell spore formation (Kleeman et al., 2002). The Australian species was 
named parasite Marteilia sydneyi (= QX disease) in the class Paramyxea and was 
identified as the cause of oyster mortalities in  S. glomerata in Moreton Bay, 
Queensland (Wolf, 1971). The French species was named Marteilia refringens (Grizel, 
et al., 1974). QX disease outbreaks generally occur in late summer or early autumn 
(January to April) and are often associated with heavy rain and hence fresher waters 
(Lester, 1986).  
 
Attempts to control the impact of Marteilia species in commercial molluscs have been 
constrained by insufficient knowledge of their life cycles (Kleeman et al., 2002). The 
initial infective stage of QX enters the oyster through the palp and gills and resides as 
plasmodia in these organs. During infection systemic dissemination of cells into 
surrounding connective tissue and hemolymph followed by penetration through the 
basal membrane of the digestive gland occurs. These become established as nurse 
cells beneath the epithelial cells of the digestive tubules. Here, cell-within-cell 
proliferation results in proliferation of daughter cells. These subsequently cleave to 
form sporonts, marking the initiation of sporulation (Figure 41). Mature sporonts are 
shed into the tubule lumen for evacuation from the host (Kleeman et al., 2002). Prior 
to death of the oyster host, mature sporonts are shed into the environment via the 
alimentary canal (Anderson et al., 1994). The unique process of cell-within-cell spore 
formation of the QX organism (Kleeman et al., 2002) differentiates it from 
haplosporidian oyster parasites such as Minchinia nelsoni (MSX) in the eastern oyster 
and Winter Mortality (Bonamia roughleyi) in the S. glomerata. MSX is a similar and 
much studied oyster parasite infection in the gills of the eastern oyster. As with MSX 
and other Marteilia species, QX has not been directly transmitted from oyster to 
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oyster under controlled conditions and the minimum infective dose is not known (Ford 
and Tripp, 1996; Kleeman et al., 2002).  
 
Research undertaken by staff at the Queensland Museum has identified a common 
estuarine polychaete worm, Nephtys australiensis, as an intermediate host for the QX 
parasite (NSW DPI, 2010b). This multi host life cycle is not unusual for parasites. Many 
species cycle through two or more hosts. At this stage it is not known if there are 
additional intermediate hosts in the life cycle of QX. During the end stages of 
development, spores are released into the water and there is good evidence that these 
are taken up by an alternate host(s) in which the parasite overwinters (NSW DPI, 
2010b). Development occurs in the alternate host(s) giving rise to stages infective to 
the oyster which then start the next annual cycle of infection. 
 
Figure 41.  Histological oyster sections of QX disease progression (From Kleeman et al., 2002) 
 
 
 
Problems in elucidating the early development of Marteilia spp were related to 
difficulties in identifying early stages of the parasite in oyster tissue using traditional 
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techniques such as histology and cytology (Lester, 1986). The development of DNA 
based molecular detection techniques (Polymerase chain reaction = PCR; and in situ 
hybridisation) for QX, have provided rapid screening methods with high sensitivity and 
specificity. PCR, however, does not actually identify infective stages. In situ 
hybridisation (ISH) techniques enable location of the parasite within the host for 
morphological characterisation (Kleeman and Adlard, 2000). 
 
QX infection in  S. glomerata can be detected microscopically first in the palp and gill 
epithelia and later in the connective tissues and digestive tubule epithelia (Kleeman et 
al., 2002). This portal of entry appears to be fundamentally important to subsequent 
infection stages in studies of MSX infection in the gills of eastern oyster (see Ford and 
Haskin, 1982). Ford and Tripp (1996) noted the epithelial barrier of the gill appears to 
be an important component of defence in MSX infections. 
8.7.1   QX Distribution 
QX disease is recognised as the most pathogenic parasite of  S. glomerata in culture on 
the east coast of Australia, where stock mortalities in excess of 90 per cent have been 
recorded (Kleeman and Adlard, 2000). Prior to 1994, QX infections were recorded (see 
Table 20) from the Great Sandy Strait, Southern Queensland (25o S) and the Tweed, 
Richmond, Clarence and perhaps the Macleay River, Northern NSW (31o S). In 1994 its 
range unexpectedly extended further south to include the Georges River20 estuary (34o 
S) (Adlard and Ernst, 1995). Hine and Thorne (2000) further extended the range 
approximately 3000 km to the west, when they recorded infections in a bay south of 
King Bay, Dampier in Western Australia. 
 
 
 
 
 
 
                                            
20  Commercial oyster farming in NSW originated in Gwawley Bay in the Georges River in the 1870s with 
the experiments of Thomas Holt (Section 3.2). 
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Table 20.   Known distribution of QX at 2006. Dates do not necessarily refer to outbreaks but recorded 
occurrences by histology (R. Adlard, written personal communication, May 2006) 
Location QX First Detected Present Status 
Southern Moreton Bay 1976 Ongoing reports 
Richmond 1978 Ongoing reports 
Great Sandy Straight 1979 Ongoing reports 
Clarence 1979 Ongoing reports 
Brunswick 1981 Ongoing reports 
Macleay 1982–1984 Years only 
Sandon 1983 Year only 
Georges 1994 Ongoing reports 
Central Moreton Bay 1995 Ongoing reports 
Brunswick 1981, 1999 Ongoing reports 
Hawkesbury 2004 Ongoing reports 
Wooli 2006 Year only 
 
The Georges River was a major oyster-producing estuary during the last century. 
Annual production sales peaked at 50 million oysters in 1971–1972. QX was first 
detected in 1994 (Adlard and Ernst, 1995). The outbreak spread from Lime Kiln Bar, an 
area of high suspended-silt level in the upper reaches of the estuary (John Nell, 
Department Primary Industries Port Stephens, personal communication, June 2005). 
The infection spread downstream in subsequent years and by 2000 QX had decimated 
the  S. glomerata industry throughout the estuary, with production falling by 94 per 
cent (Nell and Hand, 2003). Evidence suggests that the same genotypic isolate of M. 
sydneyi occurs in the Great Sandy Strait, the Richmond River and the Georges River but 
not in other endemic estuaries where epizootics occur (Kleeman et al., 2004). 
 
In 2002 and 2003 a QX surveillance program of  S. glomerata populations in eighteen 
estuaries in NSW using molecular PCR, followed by confirmatory ISH and then 
traditional histology (microscope) techniques was conducted during the best 
surveillance window, March–May, when it is easiest to diagnose the disease (Adlard et 
al., 2002). The survey was directed by the author. The ‘prevalence’ survey was 
designed to provide: 
the best likelihood that the samples were representative of the population, 
within the practical constraints imposed by different environments and 
production systems (OIE, 2005)  
Sampling points were determined using a GIS based algorithm for probability sampling 
in which every unit (= any GIS point on oyster leases in the estuary) has a non-zero 
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probability of inclusion in the sample. The survey was constructed to detect infection 
in an estuary population of oysters (including both farmed and wild oysters) at greater 
than 2 per cent prevalence with 95 per cent confidence (Cameron, 2001). Comparison 
of specificity21 and sensitivity22 using the various methods has been determined and 
PCR is the most sensitive diagnostic tool for detecting presence of the QX organism 
(Adlard, personal communication, June 2005). The QX organism was detected by 
molecular methods in the survey and subsequently by confirmatory cytology and 
histology. 
Survey results for 2002 are presented in Figure 42. QX was detected in plasmodial 
stage in the gills and palps of  S. glomerata in 7 out of 18 estuaries in NSW where QX 
outbreaks have never been reported, including Wallis Lake, in 2002, the first year in 
which PCR detection methods were available. In 2003 it was not detected in oyster 
farming estuaries where QX outbreaks have not been reported. QX was detected in 
plasmodial stage in the gills and palps of  S. glomerata in an estuary (Cudgen Creek) on 
the NSW north coast where commercial oyster farming has never been reported. 
Fluctuations in numbers of QX – PCR positive results in these estuaries from year to 
year appear to correspond with annual severity of QX along the coast generally 
(Adlard, personal communication, June 2005). 2002 and 2005 were particularly severe 
years for QX and in those years the number of estuaries and number of QX – PCR 
positive samples were correspondingly higher. It is noted that only two estuaries of the 
18 tested, the Hawkesbury and Shoalhaven Rivers, showed absence of QX at the 2 per 
cent level tested in 2003. This suggests that QX organism may actually be present in all 
NSW estuaries. 
 
 
 
 
                                            
21  Specificity: The probability that absence of infection will be correctly identified by a diagnostic test 
i.e. the number of true negative results divided by the number of true negative and false positive 
results. 
22  Sensitivity: The proportion of true positive tests given in a diagnostic test, i.e. the number of true 
positive results divided by the number of true positive and false negative results. 
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Figure 42.  Results from QX surveillance program using cytology and PCR to detect QX at greater than 2 
per cent prevalence with 95 per cent confidence (Adlard, personal communication, June 
2005) 
 
8.7.2   QX ‘Aberrant’ Estuaries 
In a study of a QX epizootic in the Georges River, Bezemer (2004) observed appearance 
of plasmodial stages of M. sydneyi in the gills of  S. glomerata in February 2004 and, 
about two weeks later, the organism was observed undergoing sporulation in the 
digestive glands to form eight to sixteen sporonts per sporozoite. Maximum infection 
intensity among wild type oysters occurred in early April 2004.  
 
In the case of MSX, most oysters do not die until infections become systemic and the 
ability to contain infections at the epithelial level is characteristic of strains selected for 
resistance to the disease (Ford and Haskin, 1987). This also appears to be the case in 
QX affected  S. glomerata oysters. In the ‘aberrant’ estuaries where M. sydneyi was 
detected only in the plasmodial stage in gills and palps of  S. glomerata (see Figure 43) 
and was not observed to proceed to systemic infection and patent QX disease, 
sporulation must be occurring for oysters to be infected but either anomalous timing 
of sporulation or undetected end stage infections (i.e. spores in the stomach of the 
oyster) occurs (R. Adlard, personal communication, June 2004; R. Elston, personal 
communication, April 11, 2005). 
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Figure 43.  Schematic models for QX infection showing systemic infection leading to QX outbreak occur 
and cases where ‘aberrant’ infections contain the QX organism in the gills and palps of  S. 
glomerata and do not lead to systemic infections (from Kleeman. Adlard and Lester, 2002) 
 
8.7.3   Hawkesbury River QX outbreak – 2004 and 2005 
For most of the last decade, the Hawkesbury estuary has been the second biggest  S. 
glomerata growing area in Australia, with 23 farming businesses (employing 
approximately 50 staff) producing $3.8 million of oysters in 365 ha of leases (source: 
NSW DPI, 2004). The Hawkesbury has also been a major supplier of growing stock to 
the largest oyster-producing estuary in NSW, Wallis Lake and other areas. QX was not 
detected in the Hawkesbury River in 2003 using the PCR diagnostic test. More than 60 
per cent of the Hawkesbury–Nepean River system catchment is forested and includes 
sections of nine national parks. Agricultural land comprises approximately 30 per cent 
of the area and supports cattle and sheep grazing, dairy farms, irrigated horticultural 
crops, and intensive pig and poultry production. Less than 10 per cent of the total 
catchment area is developed for urban and industrial use. Eighteen sewage treatment 
plants (STPs) are operated by Sydney Water Corporation within the Hawkesbury–
Nepean River system and discharge an average of approximately 123 ML of treated 
effluent per day to the estuary (Bailey et al., 2000).  
 
The Hawkesbury River was chosen as an emergency preparedness simulation – 
Exercise Kilpatrick – for an oyster disease outbreak two years earlier. The exercise,  
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managed by the author with NSW Fisheries and Commonwealth team,  highlighted the 
need for appropriate legislation mechanisms, regular updating with industry and risk 
assessment processes. It also identified the severe limitations of undertaking de-
stocking to limit oyster disease incursions. This includes logistical and time 
requirements (measured in months) and difficulties in dealing with wild oyster stock in 
open systems. 
 
In June 2004, QX infections were first recorded in the Hawkesbury River estuary 100 
km north of the Georges River. Reports had come from a Hawkesbury River farmer of 
unusual mortalities at a lease in west Hawkesbury (see Figure 44) and what appeared 
to be QX symptoms. Laboratory testing confirmed the diagnosis five days later. An 
emergency response program was established based on the mechanism developed in 
the Australian Aquatic Disease Control Centres Manual (Ogburn et al., 2004b).  
 
An immediate quarantine area, based on the model in the Australian AQUAVETPLAN 
Control Centre Manual (AFFA, 2001), was established that closed the Hawkesbury 
River. Initially, a targeted QX survey, using methods to optimise the detection of 
infection were used in known affected and adjacent areas in the upper Hawkesbury 
River estuary. Subsequently, a systematic sampling program was undertaken based on 
the methods developed for the surveillance program described previously, in the 
upper and lower estuary and adjacent Brisbane Water estuary S. glomerata. The 
survey established 28 per cent prevalence of QX at upstream sites and < 2 per cent in 
more marine-influenced areas including the adjacent embayment of Brisbane Water 
(Adlard, unpublished data, August 2004). The survey and subsequent government 
response program was directed by the author. 
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Figure 44.  Results of QX survey using PCR and histology in the Hawkesbury River system in 2004. Areas in pink show infected areas; those in blue and green were 
negative. Both blue and pink areas were quarantined 
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A study was conducted from December 2004 to June 2005 to determine the seasonal 
‘window of QX infection of oysters’. The study identified the QX window of infection in 
the Hawkesbury River in 2005 to be from around 6 January 2005 up until 
approximately 30 March 2005 (see Figure 45). The reason(s) for such an extended 
period of risk of infection in comparison to those determined previously (i.e. 30 
January to 19 February in the Georges River in 1995) are unknown.  S. glomerata 
mortalities on leases in the western portion of the estuary were very severe with 50 to 
70 per cent of stock dead by April 2005. Results for the East Hawkesbury River 
(including Patonga Creek) indicated the prevalence of QX in the sampled population 
was 39 per cent by molecular (PCR) diagnosis and 30 per cent by microscope 
(histology) (Adlard, personal communication, June 2005) with some mortality of stock. 
M. sydneyi was not detected in the Hawkesbury River before 2004 and yet by 2005, QX 
had decimated the Hawkesbury  S. glomerata fishery. This appears to be a dramatic 
and rapid shift in QX susceptibility of the Hawkesbury River  S. glomerata population. 
 
 
 
 
Figure 45.  Infection rates for  S. glomerata placed at fortnightly intervals in upper (Kimmerikong) and 
middle (Marra and Milson Island) estuary oyster growing sites in the Hawkesbury River 
during 2005 QX window of infection experiment (Adlard, pers. comm.) 
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Farmers reported very abnormal oyster condition in the estuary in the first half of 2004 
and 2005. Loss of  S. glomerata condition (thin) and unusual ongoing partial spawning 
(‘dribbling’) were noted. Because STP discharges can comprise a significant proportion 
of the flows in the Hawkesbury River catchment streams that receive them, 
particularly under dry weather and low flow conditions occurring at the time of the 
outbreak, these discharges have been identified as a potential to adversely affect 
receiving water quality (Bailey et al., 2000). A very extensive (> 80,000 tonnes) Salvinia 
molesta23 weed bloom in the upper catchment throughout 2004 also indicated 
unusual river conditions. Rapid rates of nutrient uptake combined with relatively slow 
rates of decomposition enable S. molesta to tie up nutrients that could be used by 
other primary producers that contribute complex food chains (Oliver, 1993). 
Hawkesbury River County Council was employed to provide a herbicide (Diquat) 
application. A ‘spray program’ was reported to commence in December, 2004 and was 
completed in March, 2005 (Hawkesbury River County Council, 2005). As noted earlier, 
QX parasites do not cause epidemic disease in healthy oyster populations. The 
possibility of chemical toxins from agrichemical run-off, sewage discharge and 
stormwater run-off causing immunosuppression and making  S. glomerata susceptible 
to QX disease has therefore been raised (M. Landos, personal communication, October 
2010). Suggested targets were atrazine; diuron; nonylphenol and octylphenol.  
 
8.8   QX Epidemiology 
Many symptoms of MSX disease, including pale digestive gland, loss of condition, 
reproductive impairment and depletion of circulating protein, become obvious or 
significant only after infections become systemic (Ford and Tripp, 1996). These 
symptoms have parallels with QX disease. In nature, the distribution of MSX disease is 
not associated with the presence of apparent pollutants and the presence of nearby 
parasitised oysters is not required for infections in newly exposed oysters (Ford and 
Tripp, 1996). Environmental influences do however, have a significant effect on MSX 
prevalence. The disease is restricted to salinities over 15   (M. nelsoni cannot survive 
below 10  ), rapid and high oyster mortalities occur at 18–20   while parasite 
                                            
23  A free floating aquatic fern native to South America, able to double its biomass in less than 3 days. 
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proliferation is greatest above 20  . There is some evidence that water temperature 
exceeding 20° C may cause MSX to disappear (Andrews, 1968; Powell et al., 1999). 
 
Simulations of epizootics of MSX in eastern oyster have shown that food availability to 
the host, temperature control on the growth and developmental rates of the host and 
parasite, salinity and total suspended solids are the environmental factors that appear 
to regulate the parasite (Powell et al., 1999). MSX modelling suggested that parasite 
infection intensity is more complex than a simple function of salinity (Powell et al., 
1999). Further, Powell suggested that epizootic cycles are principally the product of 
enhanced transmission rather than enhanced intensification. Their simulations 
suggested that oyster populations must first be stressed by some other mechanism 
before high temperature and low salinity conditions can facilitate epizootic oyster 
mortalities. Food availability and recruitment failure were identified as two such 
mechanisms (Powell et al., 1999).  
 
Whether a similar suite of factors are also linked to QX outbreaks is presently unclear. 
The sudden and severe onset of QX disease in the Georges River and the Hawkesbury 
River occurred after relatively long dry periods. The possibility of hysteretic changes in 
benthic meiofauna (composition and abundance) due to environmental changes in the 
estuary, and possible links with QX outbreaks was also suggested (Adlard, personal 
communication, August 1994). Benthic meiofauna is frequently used as a bio-indicator 
for detecting environmental impact (e.g. Lasiak and Underwoood, 2002; Mirto et al., 
2000; Stenton-Dozey et al., 1999). A hysteretic change in benthic meiofauna 
composition is commonly observed where excessive pollution occurs (Stenton-Dozey 
et al., 1999; Mirto et al., 2000). 
 
Low salinity in  S. glomerata populations has been a suggested factor that regulates QX 
in S. glomerata. Low salinity has been found to reduce the antimicrobial prophenyl-
oxidase (pro C. gigas )24 cascade in oysters from growing areas where QX disease 
outbreaks occur and increases susceptibility to the pathogen (Butt, 2003; Peters and 
Raftos, 2003). In a study of annual QX epizootic in the Georges River in 2002, 
                                            
24  Phenoloxidase is an oxidative enzyme that is critical to the innate defence and wound repair in a 
range of invertebrates (Söderhall, 1996). 
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phenoloxidase enzyme activities decreased dramatically immediately before QX 
infections were established (Peters and Raftos, 2003). They suggest that QX is an 
opportunistic disease that only develops when the pro C. gigas  system of oysters is 
compromised (Peters and Raftos, 2003). Subsequent data, however, suggests that pro 
C. gigas  levels in  S. glomerata were not correlated with onset of QX infection in 2005 
in sample oysters in the Hawkesbury River (D. Butt, personal communication, April 
2005). 
 
8.9   Risk Model for QX Biosecurity Policy 
The cause(s) of QX outbreaks remains unclear but three interactions of central 
importance are noted (NSW DPI, 2010b): 
• elements of the parasites’ life cycle; for example, the abundance and density of 
the hosts and the dose of infective stages that reach the oyster  
• the susceptibility of the oyster to the disease; for example, can its immune 
systems fight off the disease?  
• environmental and nutritional factors which will impact on both the parasites’ 
ability to infect the oyster, and on the oyster’s ability to defend itself from the 
parasite. 
8.9.1   Dealing with Uncertainty in Animal Health Biosecurity Models 
One objective of the annual QX surveillance program, conducted in selected NSW 
estuaries between 2001 and 2003, was to establish recommendations for a zoning 
scheme for NSW estuaries, based on a presumptive presence / absence basis for the 
QX organism. A QX quarantine regulation had been in place for more than a decade, 
established on the basis of presence of clinical infections. Affected estuaries were 
closed to export to ‘non-infected’ estuaries. The development of a sensitive PCR test 
enabled the detection of the organism at very low levels in organs of the oyster where 
normal histology methods would have missed it. QX was detected in estuaries which 
were not covered by the ‘closure’ and had been considered QX free. 
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In considering the QX biosecurity program, there were some useful parallels drawn 
with the Ovine Johnes Disease (OJD) scenario that emerged in Australian sheep 
populations / districts (Bull, 2003). These are:  
• new diagnostics enable OJD to be detected where no previous occurrence had 
been detected 
• major gaps in scientific knowledge of the disease 
• a population of farmers disaffected with previous quarantine approaches 
• disagreement among farmers about the risk 
• a need to move to a less regulated and more risk managed program  
• consideration of the probability of spread at individual farm level 
• the need to measure risk factors and what facilitates contamination 
• the inability to differentiate between infected and non-infected stock, only 
degree of infection, so that it was not possible to determine absolutely if the 
stock is clear from infection. 
8.9.2   Establishing a Risk-based QX Policy for Biosecurity  
The outbreak in June 2004 in the Hawkesbury River, and the results of the 2001–2004 
QX estuaries survey, initiated a review of the complex QX policy. The risk escalator 
model (see Figure 2) suggests that the uncertainty surrounding QX epidemiology calls 
for a risk balancing approach. The review process adopted a consultative process to 
ensure the integration of technical expertise, regulatory requirements and industry 
participation based on the information available. Previously in NSW QX was managed 
by putting in place a closure and/or quarantine area whenever new outbreaks of QX 
were detected. This led over time to a series of complex fishing closures. In an attempt 
to simplify the QX closures, this system was replaced in August 2008 by a single closure 
which takes a risk-based approach to managing QX and assigns High, Medium and Low 
Risk Categories to NSW oyster producing estuaries. Under this closure, oysters can be 
traded freely between estuaries with the same risk ranking. Estuaries of lower risk can 
move product to higher risk estuaries. Higher risk estuaries cannot move product to 
lower risk estuaries. The risk rankings of estuaries can be changed under this closure. A 
drop in ranking from a higher risk to a lower risk category (i.e. from High QX risk to 
Medium QX risk or Medium QX risk to Low QX risk) will be supported when there is 
three consecutive years of surveillance testing with negative results. For example, QX 
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was identified in Wooli River in 2006 and surveillance testing in 2007, 2008 and 2009 
has provided negative results. Therefore in May 2009 the risk ranking in Wooli River 
was changed from Medium QX risk to Low QX risk (NSW DPI, 2010b). 
 
8.10   Outcomes of QX Disease Risk Management Policy  
As noted earlier, except for the Wooli River, once a QX epizootic occurs in an estuary, 
the disease appears to become endemic and recurrent annual infections are typically 
reported for several following years. Attempts to eradicate similar oyster pathogens 
overseas have failed (e.g. Van Banning, 1986). Consequently, for an oyster industry to 
survive it is necessary to manage the impacts of QX disease or else it will perish. This 
was the case for the Georges River oyster industry which collapsed because of a 
complete absence of risk management strategies to enable the industry to respond to 
the sudden outbreak of QX disease in 1994. 
 
As a result of this catastrophic impact to the Georges River industry, the development 
of a suite of QX risk management strategies was progressed in the following ten years 
by industry and government. These strategies included:  
• development of better diagnostics 
• a QX disease resistant  S. glomerata selective breeding program (see Chapter 3) 
• the importation and trialling of triploid  C. gigas  (see Chapter 3)  
• development of single-seed farming infrastructure to suit the varied site and 
farm management scenarios (see Chapter 5).  
 
Risk assessment was used as the basis for assessing new policies for triploid  C. gigas  
farming and risk management measures for oyster stock translocation between 
estuaries with respect to QX. 
 
As a result of these strategies, the Hawkesbury River oyster industry was equipped to 
manage the risks that QX posed, albeit with a major rebuilding and restructuring 
exercise (R. Moxham, personal communication, August 2005). In 2008/2009 the 
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Hawkesbury River produced over 4,700 bags of triploid  C. gigas . The calculated MSY is 
16,800 bags (Chapter 6). 
  
8.11   Conclusion 
Results in Chapter 8 demonstrate that policy based on a risk assessment framework 
optimise outcomes for strategic management of the NSW oyster industry. The 
response to the sudden QX outbreak in the Hawkesbury River oyster industry 
commencing in 2004 also demonstrates how retrospective risk assessment enables the 
development of a strategic industry response model for future emergency biosecurity 
events, even when the science is imperfect. In the case of the 1994 Georges River QX 
outbreak, farmers simply walked off the leases and left behind a taxpayer funded 
multimillion dollar lease clean-up because of the absence of any biosecurity risk 
management options at that time. The social, economic and environmental impacts 
were severe. In the case of the 2004 Hawkesbury River QX outbreak risk management 
tools were available and the Hawkesbury River Oyster industry had a potential 
pathway to a future. This encouraged government to provide an assistance package to 
help farmers remove dead stock and cultivation materials; retool; and adopt improved 
farm management practices. This has resulted in significant social, cultural and 
environmental future benefit to the wider local community as well as the survival of 
the Hawkesbury River oyster industry.  
 
A review of the relationship between water quality and the health of oysters 
demonstrates that a risk-based framework for managing water quality is essential for 
protecting the health of oysters. 
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CHAPTER 9 – FOOD SAFETY IN THE NSW OYSTER INDUSTRY 
 
Chapter 9 undertakes a historically- and scientifically-based risk analysis of food 
safety in the NSW oyster industry. Most health risks in the consumption of 
shellfish and other seafood’s are associated with the environment where the 
products are grown and harvested (NRC, 1991).  
 
Chapter 2 noted that there is increasing emphasis on risk management to be 
implemented and integrated through the establishment and continuous 
improvement of a risk management framework such as AS/NZS ISO 31000 
(Standards Australia, 2009). Also noted in Chapter 2 was the premise that 
consideration of uncertainty in risk analysis should direct research and data 
collection to most effectively improve this characterisation, and thereby more 
effectively design risk management programs to reduce, mitigate or eliminate 
the most severe problems (Zimmerman and Cantor, 2004).  This perspective is 
adopted in the historical review of food safety issues in the NSW oyster industry. 
It also underpins the motivation in Chapter 9 for quantitative analysis of 
monitoring results in the NSW Shellfish Food Safety Program. Chapter 9 
concludes with consideration of risk from oysters in the wider context of food 
safety risks in Australia. 
 
9.1   History of Food Safety in the NSW Oyster Industry  
An association between the ingestion of contaminated shellfish and enteric 
disease in people has been recognised internationally for several centuries with 
typhoid the most noteworthy. Infectious diseases associated with the 
consumption of oysters have been recognised internationally, nationally and in 
NSW and documented for well over a century (summarised by Richards, 1985, 
1988). Foodborne diseases associated with contaminated shellfish have been, 
until relatively recently, only considered to be bacterial pathogens (Jackson and 
Ogburn, 1999). Shellfish also provide a potential vehicle for transmission of a 
variety of other infectious or otherwise injurious agents. These include natural 
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constituents of the estuarine environment such as potentially toxic algal species 
(Shumway, 1989; Hallegraeff, 1995; Hallegraeff, 2002; Ogburn et al., 2002), and 
introduced agents such as human enteric viruses (Dorairaj and Miller, 2001). 
Historically, bacterial diseases such as cholera and typhoid fever, associated with 
human faecal contamination of the environment, were the chief concern. For 
example, in France between 1914 and 1934 there were over 100,000 cases of 
typhoid fever, 25,000 of which were fatal, due to shellfish consumption (Qadri, 
1974). In the NSW oyster industry, food safety concerns have been apparent for 
many decades. For example, in 1904 Middle Harbour in Port Jackson (Sydney) 
was closed to oyster harvesting because of human sewage pollution (Thompson, 
1903) and, subsequently, the whole of Port Jackson was closed in 1930 (Barbour, 
1931). 
9.1.1   Georges River Case Study 
During the 1960s contaminated oysters harvested from the Georges River and 
particularly in Quibray Bay were linked to unreported food poisoning incidents 
(Bob Drake, Oyster farmer Georges River, personal communication, August 
2005). The Australian Oyster Farmers Association advised growers: 
… the waters of most oyster producing estuaries in NSW show 
evidence of bacteria which could be harmful to health” (Anon., 
1964a)  
 
The NSW Department of Public Health then set a bacteriological standard of 2.3 
E. coli g-1 of oyster flesh (fresh weight) for the sale of oysters for human 
consumption, an indicator similar to that for milk (Anon, 1964a). As a result, in 
1964, Melbourne Oyster Supply P/L (Phillips Oysters), the major oyster grower in 
NSW, installed a pilot depuration plant using ‘ultraviolet ray treatment of purging 
water’ at their Georges River oyster shed to assist in achieving the bacteriological 
standard. The plant was based on plans and specifications which were published 
in the Australian Fisheries Newsletter (Anon., 1964b) and supplied by Mr P.C. 
Wood from the Fisheries Laboratory, Burnham-on-Couch, Essex, United Kingdom 
(Anon, 1964a). Melbourne Oyster Supply P/L then conducted depuration trials in 
conjunction with the Department of Food Technology, University of NSW (Qadri, 
1974). Depuration, in this context, is the process by which harvested shellfish are 
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placed in a land based tank containing ‘clean’ estuarine water, to permit the 
purging of their gastrointestinal contents under controlled conditions (Jackson 
and Ogburn, 1999).  
 
The additional cost of handling and processing on a commercial scale, together 
with an absence of pressure from the health authorities, did not encourage the 
industry to pursue depuration in the 1960s. Melbourne Oyster Supply P/L and 
the University of NSW also investigated the feasibility of relaying oysters from 
Georges River to the cleaner waters of Port Stephens (Qadri, 1974). 
9.1.2   Faecal Pollution in the Georges River  
Historically, the major emphasis on protecting public health in the American 
oyster industry was towards the quality of the shellfish harvest area rather than 
the shellfish themselves (Qadri, 1974). In the American National Shellfish 
Sanitation Program (NSSP), microbiological standards were established for 
shellfish growing waters and a major reliance on growing area classification 
based on faecal bacteria standards of waters was subsequently developed 
(Dressel and Snyder, 1991). In a microbiological study of oysters in the Georges 
River between 1969 and 1973 Qadri (1974) soundly recommended that the NSSP 
be implemented in NSW. He also recommended that the Georges River be 
immediately closed to oyster harvest for human consumption until human 
sewage contamination problems in the estuary were rectified. These studies 
revealed that the majority of oysters tested from leases in the Georges River 
failed the legal microbiological standards (2.3 E. coli g-1 of oyster flesh) 
frequently25, and often erratically. Qadri identified significant human sewage 
pollution sources in the vicinity of the lease areas (e.g. domestic septic tanks) but 
his alarming results were not disseminated by the University of NSW to Georges 
River oyster farmers (Bob Drake, Georges River oyster farmer, personal 
communication, August 2005). 
 
                                            
25  Over 30 per cent of oyster samples exceeded the regulatory standard of 2.3 Ecoli / g between 
April 1971 and March 1973 (Qadri, 1974). 
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Government promulgated neither the NSSP nor the research work on depuration 
and relaying for the Georges River oyster fishery. Subsequently, in June 1978, an 
incident involving over 2000 clinical cases of viral gastroenteritis was attributed 
to the consumption of contaminated oysters farmed in the Georges River (Linco 
and Grohmann, 1980; Murphy et al., 1979). The whole of the NSW oyster 
industry was quickly shut down for several weeks (B. Philipps, oyster farmer, 
personal communication, July 2005). Container loads of oysters shipped to 
Britain had to be destroyed. Initially no concession was provided to even allow 
movement of oysters between leases in the Georges River estuary (L. Derwent, 
DPI Fisheries, personal communication, October 2005). 
 
9.2   Depuration – The Silver Bullet 
In September 1978 a Depuration subcommittee for Georges River and Brisbane 
Water was established, in response to the Georges River oyster contamination 
events. At the same time, relaying of oysters prior to sale, commenced. Relaying 
was undertaken from the upper Georges River and inner Brisbane Water to more 
oceanic-flushed ‘Purification leases’ for a period of seven days. Initially, the 
farmers on the committee considered this not to be economically viable in the 
long-term. Available Purification lease space in designated relay areas was a 
problem (Minutes of Depuration subcommittee, 1978–1980). It was noted that: 
 The subcommittee is well aware that any oyster could have no E. coli 
or other faecal coliform bacteria, yet still harbour the virus.   
However, from the discussions with the virologists from the Health 
Commission and CSIRO it is thought that this virus will be cleared by 
depuration. The time factor of depuration is critical and at the present 
time the best test for the virus would seem to be achieved by eating 
the oysters. (Minutes of Depuration subcommittee, 1978–1980) 
 
A postgraduate, who was at the time, researching artificial depuration 
techniques using UV sterilisation at the Ministry of Fisheries at Lowestoft in the 
United Kingdom, Dr Peter Ayres, was brought out at the request of the Georges 
River oyster farmers (Ayres, 1978) to advise and advocate on the use of 
depuration as an effective tool in managing the risk of potential oyster faecal 
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contamination. The committee deliberated on the efficacy of artificial depuration 
and the Health Commission considered that: 
provided your plant is working properly it is far more reliable than a 
natural system (Minutes of Depuration subcommittee, 1978–1979)  
 
Relaying was considered unsatisfactory, since it required long-term water 
sampling to ascertain seasonal variation, was uneconomic in the long-term and 
would present insurmountable compliance problems (Ayres, 1978). Ayres also 
noted that: 
the term purification is to be preferred to depuration since this 
accurately describes the product without either implying it was 
previously unfit or guaranteeing it is 100 per cent safe (Ayres, 1978)  
 
In 1978, the State Pollution Control Commission established a tasting panel of 
Public Servants to monitor the contamination. Oysters cleared for bacterial 
contamination were tasted and if there were no adverse results within three 
days from the tasting, the oysters could be sold to the public. Standards were 
developed for depuration protocols. A depuration time of 36 hours in certified 
tank systems was chosen. Depuration is an effective process for the elimination 
of faecal bacteria, such as E. coli (e.g. Souness and Fleet, 1979), but was not 
considered risk free for removing naturally occurring Vibrio spp. (Eyles and 
Davey, 1984) and viruses (Eyles, 1980; Sobsey et al., 1987). In December 1978, 
tank-depurated oysters from the Georges River made panel members sick. Tank 
certification processes were introduced to weed out the ‘rogue’ systems (Ayres, 
1978). In July 1979 tank-depurated oysters harvested from the Georges River, 
after 120 ml rain the preceding week, again made panel members and the public 
sick (Grohmann et al., 1981). Consequently a salinity standard in the harvest area 
was established before oysters could be taken for artificial depuration. This was 
not less than 20 per cent below ‘normal salinity’26  (Minutes of Depuration 
subcommittee, 1978–1980). Some scientific members of the subcommittee 
expressed reduced confidence in the UV tank system following these incidents. 
Political necessity, commerce and the attractive concept of having a tank based 
                                            
26  Salinity averages for each area in Georges River lease areas were mapped as ‘normal’ 
standards. 
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depuration system on land that gave the authorities concerned ‘a really firm area 
of control’ (Ayres, 1978) was irresistible. In addition it offered industry a ‘silver 
bullet’ process: 
purification... achieved by holding the animals at optimal salinity, 
temperature and dissolved oxygen, in water where organisms of 
faecal origin (bacteria, viruses) are removed by application of a 
suitable sterilising agent (U/V or ozone) (Ayres, 1978) 
9.2.1   The NSW Depuration Era  
During 1979–1980, NSW Fisheries implemented a weekly oyster flesh faecal 
testing program to ‘classify’ oyster-producing estuaries in NSW. Approximately 
20 per cent of the 4000 oyster samples taken failed the regulatory level of < 2.3 
E. coli·g-1 of oyster meat fresh weight (see Table 21). Whole estuaries were 
classified into ‘high, medium or low contamination’ based on the survey. 
Depuration was introduced to estuaries based on ranking. Based on this risk 
ranking one of the most pristine catchments in the state, Wooli River ranked the 
highest risk. Georges River was in the middle of the risk ranking and catchments 
with significant urban development and animal husbandry ranked as low risk. 
 
Table 21.  Oyster E. coli survey results for NSW oyster producing estuaries used to ‘classify’ into 
‘high, medium or low contamination’. Depuration was introduced to estuaries based 
on ranking (Prepared by P. Wolf, 1980 files) 
  1979 1980 Total 
ESTUARY Ranking Num. +ve % Num. +ve % Num. +ve % 
Tweed R. 25 54 29 53.7 24 6 25.0 78 35 44.9 
Brunswick R. 24 27 13 48.1 5 0 – 32 13 40.6 
Richmond R. 14 21 5 20.0 5 0 – 30 5 16.7 
Clarence R. 10 33 9 27.3 46 2 4,3 79 11 13.9 
Wooli R. 26 49 25 51.0 9 3 33.3 58 28 48.3 
Bellinger R. 12 25 4 16.0 3 0 – 28 4 14.3 
Nambucca R. 17 24 6 25.0 30 6 20.0 54 12 22.2 
Macleay R. 22 38 18 47.4 17 2 11.8 55 20 36.4 
Hastings R. 16 75 11 14.7 20 7 35.0 95 18 18.9 
Camden Hav.  21 60 24 40.0 15 2 13.3 75 26 34.7 
Manning R. 20 71 26 36.6 15 3 20.0 86 29 33.7 
Wallis Lake 7 126 20 16 120 7 5.8 246 27 11 
Port Stephen 3 170 5 2.9 144 4 2.8 313 9 2.9 
Hunter R. 23 16 6 37.5 5 2 40.0 21 8 38.1 
Brisbane W.  11 260 48 18.0 370 40 10.8 630 88 14.0 
Hawkesbury  5 97 9 9.3 87 2 2.3 184 11 6 
Georges R. 18 695 196 28 840 212 25.2 1535 408 26.6 
Crookhaven  9 59 9 15.3 15 1 6.7 74 10 13.5 
Clyde R. 8 57 8 14 11 0 – 68 8 11.8 
Moruya R. 19 15 3 20.0 5 3 60.0 20 6 30.0 
Tuross Lake 1 10 0 – 35 0 – 45 0 – 
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Wagonga R. 13 38 10 26.3 25 0 – 63 10 15.9 
Nelson Lake – N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. 
Wapengo L.  6 20 0 – 10 3 30.0 30 3 10.0 
Merrimbula L.  4 93 5 5.4 25 0 – 118 5 4.2 
Pambula R. 2 25 0 – 15 1 6.7 40 1 2.5 
Wonboyn R. 15 25 5 20.0 5 0 – 30 5 16.7 
TOTAL – NSW  2221 498 22.4 1934 310 16.0 4155 808 19.4 
 
 
By 1983, tank depuration of all shellfish harvested in NSW became a statutory 
requirement, regardless of the sanitary status of the estuary from where the 
shellfish were harvested. Public land areas were allocated in many estuary areas 
to enable depuration plants to be installed. There was also limited site selection 
assessment, particularly from a ‘clean’ water quality perspective in the 
establishment of depuration plants. It was also noted that: 
Government Fishery bodies in other countries do not have any public 
health function from a statutory point of view27 – this rests solely 
with the Health Authorities. Fisheries act as an advisory body, 
responsible solely for the fishing industry up until the stage when 
the product is landed.  Regional health authorities in NSW would be 
responsible for control in their area e.g. water and oyster sampling. 
(Ayres, 1978) 
9.2.2   Failure of Depuration in the NSW Oyster Industry 
Depuration became the sole basis of oyster food safety risk management in NSW 
for the following 20 years. A review of scientific literature appearing during that 
era suggests that increasing evidence of limitations of depuration were being 
published (Gill et al., 1983; Richards, 1985; Canzonier, 1991; Heller et al., 1986; 
Cook and Ruple, 1989; Chalmers and McMillan, 1995; Perrett and Kudesia, 1995; 
Abad et al., 1997; Ang, 1998). Norwalk virus was detected in all areas of the 
shellfish that were examined (stomach, digestive diverticula, adductor muscle 
and hemolymph cells) even after 48 hours of depuration (Schwab et al., 1998).  
 
Outbreaks of Norwalk virus gastroenteritis, associated with  S. glomerata 
harvested from the Georges River and depurated, continued in 1988, 1989 and 
1990. The contamination was reported to be due to repeated sewage overflows 
(Bird and Kraa, 1992). This all strongly suggested that depuration may fail to 
                                            
27  While this is correct, the critical point that is missed is a clear definition of where resource 
management stops and food safety starts. 
  182 
eliminate enteric viruses from contaminated shellfish and further, that 
compliance with E. coli as an end-product standard does not provide a guarantee 
of virus absence (European Commission, 2002). 
 
Compliance with the requirements for depuration was also difficult. Initially, 
NSW Fisheries managed the logbook depuration system until 1989 when it was 
transferred to NSW Health who renewed the focus on ‘tightening up’ farmers’ 
compliance with depuration performance (P. Bird, personal communication, 
August 1996).  Depuration beyond 12 hours often caused the oysters to spawn, 
particularly when in peak market condition, causing the oysters to become 
unmarketable. In addition, a system of numerous depuration tanks operating in 
sheds in 30 estuaries was hard to police. Widespread flouting of the depuration 
process was admitted by industry. Concerns were also raised about the reliance 
on depuration and the absence of a wider risk management program (Jackson 
and Ogburn, 1999).  
9.2.3   Stalemate in NSW Oyster Industry Food Safety  
Monitoring of water quality or catchment impacts on food safety quality of the 
estuarine waters by either NSW Government or the NSW oyster industry was 
patchy. A program commenced in 1988 to classify oyster harvest areas based on 
bacterial testing of water and oyster meat in NSW under NSW Agriculture and 
Fisheries but the program discontinued the following year because of adverse 
water quality results in Tilligerry Creek Port Stephens (S. McCorrie, personal 
communication, February 1997). In March 1990 a person died due to septic 
shock from Vibrio vulnificus presumably from eating raw S. glomerata. In 
November 1990 a Shellfish Quality Assurance Program (SQAP) Advisory 
Committee was established in NSW but did not continue because of 
disagreement over funding arrangements and the best approach to a SQAP for 
NSW. In 1997 the number of registered oyster depuration plants in NSW was 218 
(Jackson and Ogburn, 1999). 
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9.2.4   Catalyst for a NSW Shellfish Food Safety Program 
In February 1995 Adelaide suffered one of Australia’s most disastrous food 
poisoning outbreaks. Small goods (salami) are thought to have been the source 
of illness that caused the death of one child, and serious symptoms in many 
others. In the aftermath of the disaster, it was found that E. coli serotype 0111 
found in raw meat28 caused the problem (Coroners Report, 1995). It was the first 
time it had been seen in Australia. The incident prompted the NSW Government 
to accede to the requests of the NSW Oyster Farmers Association for a 
compulsory state-wide Shellfish Quality Assurance Program (SQAP).  
 
Coincidentally, before the program could even commence, oyster food safety 
problems emerged again in NSW. Oysters harvested from the Tweed River were 
suspected of causing an outbreak of 97 cases of Norwalk virus gastroenteritis in 
August 1996 (Stafford et al., 1997). Less than six months later, the largest 
documented outbreak of Hepatitis A in Australia occurred over several months 
and more than 700 people contracted the disease directly and indirectly, 
following consumption of some oysters harvested from Wallis Lake on the mid 
north coast of NSW in mid-December 1996 (Conaty et al., 2000). The likely 
scenario was suspected to be a faulty sewage reticulation system in a public 
toilet located at the foreshore of Breckenridge Channel in Wallis Lake. The 
system was reported as having failed by the local Waterways Inspector in the 
long weekend of November 1996 (Wallis Lake NSW Fisheries Inspector, personal 
communication, February 13, 1997). At the same time there was an epidemic of 
Hepatitis A in a local community who lived close by to the public toilet (J. Clift, 
personal communication, November 2006). Subsequent modelling of current 
flows demonstrated that potentially contaminated sea water would have rapidly 
reached the intake of large oyster depuration tanks situated upstream on an 
incoming tide (B. Coates, personal communication, April 2004).  
 
                                            
28  Infection with shiga-like toxin Escherichia coli serotype O157:H7, which was first described in 
1982, has emerged rapidly as a major cause of bloody diarrhoea and acute renal failure and is 
particularly common in pre-washed salads and raw milk cheeses. Infection is sometimes fatal, 
particularly in children. 
  184 
Implementing legislation for the SQAP was introduced in 1995 under the NSW 
Fisheries Management Act, 1994. A statutory SQAP committee comprised of 
Fisheries and industry members was established in December 1995 and in 
December 199729 the NSW Shellfish Quality Assurance Program (NSW SQAP) was 
implemented (Jackson and Ogburn, 1999). This compulsory program 
incorporated a strategy of estuarine water and shellfish monitoring, based on a 
shoreline survey to identify potential pollution sources, in addition to 
compulsory depuration. For the first time in the history of the NSW shellfish 
industry, there was potential for some ongoing understanding of the sanitary 
status of estuaries where shellfish are cultured and harvested (Jackson and 
Ogburn, 1999). The first area in NSW to be formally approved for direct harvest 
under ASQAP was Corrie Island Port Stephens in 2002. 
 
9.3   NSW Oyster Industry Risk-based Food Safety Program  
The NSSP on which the ASQAP is based, embodies a shoreline and growing areas 
sanitary survey and water based classification system. The US NSSP program 
requires Approved Areas which permit direct harvest of shellfish without 
depuration to have a water testing program in which the geometric mean of 
total faecal coliform < 14 per 100 ml of seawater and not more than 10 per cent 
of samples exceed 43 per 100 ml using 5-tube 3 dilution most probable number 
(MPN) test. The NSSP refines this standard with the concept of ‘Conditionally 
Approved’ areas. Such areas meet prescribed standards only for certain periods 
because of predictable pollution events. Shellfish may be harvested directly 
without depuration during periods when they meet the standards subject to a 
management plan.  
 
The alternative European Union Shellfish program uses shellfish flesh samples for 
classification of harvesting areas and a specified end product standard (Rodgers, 
2001). All shellfish from EU Category A areas must contain less than 2.3 E. coli  g-1 
                                            
29  The legislation was controversial and initial reluctance in government and industry to assist 
expediting the process was reduced after the outbreak of Hepatitis A attributed to oysters at 
Wallis Lake in February 1997. 
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of fresh shellfish flesh. This cut-off standard is the same as that which was 
nominally in place for testing oysters in the NSW oyster industry since the 1960s. 
 
The NSW program conservatively adopted the use of both oyster meat and water 
faecal indicators as part of the risk management approach together with an 
ongoing reliance on depuration. A historical interpretation would suggest that 
this bias to use both indicators in NSW was because of the previous reliance on 
oyster meat testing during the ‘depuration era’ and a reluctant agreement by 
researchers and program managers to adopt water quality testing as in the NSSP. 
For example, a new method (Rapid method AS 1766.2.12) for oyster meat testing 
was developed during the depuration era by the researchers on depuration at 
the University of NSW (Eyles and Davey, 1989). The diagnostic was traditionally 
used as an endpoint test for depurated oysters in NSW. 
 
Moreover, in spite of the lack of demonstration of efficacy, depuration still 
remains a mandatory requirement in many oyster harvest areas in NSW estuaries 
(B. Allen, personal communication, December 2010). As one senior agency 
manager put it: 
oysters are such a risky product that we have to throw everything we 
have got at them (E. Kraa, NSW Food Authority, personal 
communication, February 2004) 
 
A summary of comparison of the different Shellfish Programs used around the 
world and their different attributes is found in Table 22. 
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Table 22.  Comparison of the standard requirements for various SQAPs (from Rodgers, 2001) 
Standard 
Requirements 
Australian 
SQAP 
Canadian SSP E.U. Directive 
91/492 
New Zealand 
SQAP 
US NSSP Part 
I 
Programme type Compulsory 
by regulation 
Compulsory 
by regulation 
Compulsory 
by regulation 
Compulsory 
by regulation 
Voluntary 
Bacteriological Yes Yes Yes Yes Yes 
Faecal coliforms Yes Yes Yes30 Yes Yes 
Salmonella spp. No No Yes No No 
Vibrio spp. No No No No No 
Viral No No No31 No No 
Biotoxin Yes Yes Yes Yes Yes 
PSP Yes Yes Yes Yes Yes 
DSP No No Yes Yes No 
NSP No Yes No Yes Yes 
ASP Yes Yes Yes Yes Yes 
Chemical and heavy 
metal 
Yes Yes Yes Yes Yes 
Classification of 
Farming Areas 
Yes Yes Yes Yes Yes 
Shoreline survey Yes Yes No Yes Yes 
Sanitary survey Yes Yes No Yes Yes 
Designated 
categories 
Approved, 
Conditional 
Approved, 
Restricted, 
Conditional 
Restricted 
and 
Prohibited 
Approved, 
Conditionally 
Approved and 
Closed 
Class 'A', 'B' 
and 'C' 
Approved, 
Remote 
Approved, 
Conditionally 
Approved, 
Restricted, 
Conditionally 
Restricted 
and 
Prohibited 
Approved, 
Conditionally 
Approved, 
Restricted, 
Conditionally 
Restricted 
and 
Prohibited 
Review and update Yes Yes Yes Yes Yes 
Approved 
Laboratories32 
Yes Yes Yes33 Yes Yes 
Depuration Yes,  but only 
used  in NSW 
Yes Yes Yes Yes 
Relaying Yes Yes Yes Yes Yes 
 
  
                                            
30  E. coli and faecal coliforms depending on classification status. 
31  Bacteriological standard applies in absence of a viral standard. 
32  Approved laboratories for microbiological and marine biotoxin analyses. 
33  Recognised laboratories. 
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9.3.1   Multidisciplinary Risk-based Approach 
Classification decisions are contingent upon a number of critical factors 
including, but not limited to, actual and potential pollution sources, and their 
quantification, as well as meteorological and seasonal factors affecting the area 
(Dressel and Snyder, 1991). In addition, hydrodynamic factors, both empirically 
derived and those projected from physical and theoretical models, are 
considered in conjunction with periodic monitoring of growing areas by 
microbiological and hydrochemical assays of the waters. This allows for 
validation of the classification and detects trends in quality that might indicate a 
required change in classification status (Rodgers, 2001). A rigorous periodic re-
evaluation of classification using all new data on sources, water and shellfish 
assays and changes in physical parameters is also undertaken. This 
multidisciplinary risk management approach has become the accepted strategic 
philosophy in recognition of the inadequacy of a classification system based 
merely on results of microbiological assay indicators measured in the water or 
the bivalves (Ferguson et al., 1996; Henshilwood et al., 1998; Guyader et al., 
1998; Dore et al., 2000; Rodgers, 2001).  
 
9.4   Risk Analysis of Indicators in NSW Food Safety Program 
The risk-based approach used in shellfish food safety programs recognises the 
inadequacy of a classification system based merely on results of microbiological 
assay indicators measured in the water or the bivalves. These indicators are used 
as the key routine risk management measure in NSW. As noted in Chapter 2, new 
approaches for characterising the uncertainty in risk estimates have emerged 
including classification techniques using a combination of computer intensive 
statistical methods such as ‘bootstrapping’ and epidemiological approaches. 
Bootstrapping is a re-sampling technique used to obtain estimates of summary 
statistics. The following sections analyse and assess the indicators used in the 
NSW Shellfish Program for classification and management purposes. 
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Shellfish food safety programs around the world continue to use faecal coliform 
bacteria in water or E. coli in oyster meat as indicators of the quality of the 
growing waters and end product, respectively. In NSW, sampling of oysters was 
advocated twenty-five years ago: 
since it is the end product…and only do water sampling to 
investigate particular local pollution sources (Ayres, 1978)  
 
Water sampling is the major emphasis of the Australian Shellfish Program and 
has only been routinely applied in the NSW Shellfish Program over the last ten 
years. These faecal indicators are used in shellfish programs as exceedence of set 
standards. The program adopted in NSW is based on the Australian Shellfish 
Program but has been adapted to include the historical NSW approach using 
regular oyster E. coli testing. Costs for the NSW Shellfish Program escalated and 
industry raised concerns that the requirements for testing were financially 
unsustainable. For example, the Port Stephens Shellfish Program was estimated 
to annually cost the Port Stephens farmers approximately $340,000 with an 
additional $54,000 contributed by government through the NSW Food Authority 
(Geoff Diemar, Port Stephens Shellfish Program, personal communication, 
August 2005). This cost is an order of magnitude higher than similar programs in 
Tasmania (Richard Pugh, personal communication, November 2005). Also, this 
does not include individual NSW farmer’s routine tests required for post-
depuration oyster testing. In addition, closures and product recall are not 
uncommon when a positive E. coli test is returned in a suite of testing. 
 
9.5   Case Study of Indicators for Site Classification Purposes 
As noted in Chapter 2, risk assessment is the initial predictive component and 
monitoring is the detection component, which informs the prediction process 
(Pierson et al., 2002). Water sampling is the major emphasis of ASQAP and has 
only been routinely applied in the NSW program over the last ten years. These 
faecal indicators are used in shellfish programs as exceedence of set standards. 
While these microbiological standards are intended to be a measure of probable 
safety, they are far from absolute criteria and tend to develop as levels of what is 
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commercially attainable (Qadri, 1974). The estuaries chosen for study were 
based on a number of factors, namely:  
• the availability of a suitable data set 
• geographic spread 
• relative importance in state production 
• size of estuary 
• catchment demographics  
• land use.  
 
For the purposes of this study, nine estuaries were selected, with Port Stephens 
divided into four sub areas or estuaries, namely: Karuah, Tilligerry, Cromarty and 
Tea Gardens. The data for this study have come from two sources. The first set of 
data for each of the nine estuaries examined was provided by request from the 
local growers in each estuary. The NSW Food Authority provided the second set 
of data for Hawkesbury and Port Stephens estuaries. Table 23 provides relevant 
biophysical information for each of the study estuaries. 
 
Table 23.  Selected study estuaries and associated geomorphic, ecological and oyster fishery 
information 
Estuary Catchment Area 
(km2) 
Water Area 
(km2) 
Lease Area 
(ha) 
Annual 
Production2 
(bags) 
Manning 8320 25 315 4,855 
Karuah 2200 3.8 109 N.A. 
Tilligerry   154 N.A. 
PS-Cromarty 4950  52 N.A. 
Tea Gardens 1660  58 N.A. 
Brisbane W. 170 27 208 8,923 
Hawkesbury 21500 100 436 16,798 
Crook Haven  7.9 230 2,294 
Pambula 299 12.9 112 821 
2  Maximum 10 year average. See section 6.6 for details 
 
9.5.1   Description of Data Sets and Sampling Methods 
Samples were collected and transported to the laboratory following procedures 
specified in the NSW Shellfish Program Environmental Sampling for Shellfish 
Farming Course Handbook. Delivery of samples to the laboratory was always 
within 24 hours of collection, and very often within several hours of collection. A 
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representative shellfish sample consists of 12 average sized shellfish, collected at 
random along the whole of the lease. All shellfish samples were analysed by a 
NATA accredited laboratory using the Australian Standard method for 
examination for specific organisms – E. coli in bivalve molluscs – Rapid method 
(AS 1766.2.12). Water samples for faecal coliform units (FCU) analysis were 
collected at designated sites by submerging a 250 ml sterile sample bottle to 
approximately elbow depth below the surface while facing the bottle into the 
flow. All water samples were analysed by a NATA accredited laboratory using the 
Australian Standard membrane filtration method (AS 4276.7). Salinity and 
temperature were measured by taking a < 2 litre surface sample and readings 
taken immediately onboard the boat with hydrometer and thermometer. 
Samples were collected in the program from designated sites within or adjacent 
to oyster lease areas as specified in each estuary shellfish program. Each estuary 
was split into designated zones that were selected under the NSW Shellfish 
Program. The data used here was provided by the NSW Food Authority with 
permission from the Local Shellfish Programs for each estuary. 
 
Frequency of monitoring varied but was at least fortnightly. The data sets are 
described in Table 24. One set was sourced from oyster farmers using a 
systematic random sampling (SRS) sequence of fortnightly sampling and the 
second data set were sourced from the NSW Food Authority, which combined 
both SRS and event testing data. Data analysis was undertaken using 
Statgraphics™ Plus 4.1. 
 
 Table 24.  Description of estuary data sets used in the statistical analysis 
Estuary 
(Courtesy: Oyster 
Farmers’ SQAP) 
Years for 
data set 
No. Zone 
sampling 
sites 
Total water 
Samples 
No. Zone 
sampling 
sites 
Total meat 
Observations 
Manning 2000–2004 12 640 6 89 
Port Stephens 2000–2002 21 1318 15 1406 
Brisbane Waters 2000–2004 12 2912 7 504 
Crookhaven 2000–2004 7 309 6 188 
Pambula 2001–2004 4 192 4 74 
* Systematic Random Sampling Strategy 
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  Estuary 
 (Courtesy: Food 
Authority) 
Years for 
data set 
No. Zone 
sampling 
sites 
Total water 
Observations 
No. Zone 
sampling  
sites 
Total meat 
Observations 
Tilligerry Creek 2002–2004 5 746 5 225 
Karuah  2002–2004 3 373 3 31 
Cromarty Bay 2002–2004 3 300 3 219 
Tea Gardens 2002–2004 5 752 5 227 
Hawkesbury 2002–2004 5 1130 5 460 
* Combined event testing and non-event testing 
 
9.5.2   Data Reporting   
The sampling and analysis of indicators of faecal pollution in estuaries is based 
on the zones described in the NSW Shellfish Program for the respective 
estuaries. Data on water and oyster meat indicators of faecal pollution and 
corresponding salinity data from the different zones in nine estuaries was 
subjected to statistical analysis. The 90th percentile for faecal coliform units (FCU) 
in water column samples, as specified in the Australian Shellfish Quality 
Assurance Program (ASQAP) measured as FCU (100 ml)-1; the mean for E. coli 
levels in oyster meat, measured as E. coli  g-1 of fresh oyster meat; mean salinity  
as parts per thousand (ppt ). The number of sampling observations and the years 
in which they were measured vary for each estuary data set, however, in all 
cases the number of FCU observations exceeded 30, the minimum number 
recommended in the ASQAP guidelines. 
9.5.3   Summary Statistics of Zone Sample Sites 
A total of 101 zones were assessed based on water FCU levels. The results of the 
zone sampling analysis are shown in Table 25. Considerable variation exists 
between sites within estuaries for the faecal pollution indicators used in this 
study. A total of 36 zones were indicatively assessed as Approved, 42 as 
Conditionally Approved and 23 as Prohibited to harvest using the guidelines. 
Oyster meat sampling in 61 zone assessments resulted in 39 Approved, 21 
Restricted and 1 Prohibited to harvest using the same guidelines. 
 
These results immediately indicate a significant disparity on classification 
outcomes between the water FCU indicator and the E. coli oyster meat indicator.  
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Table 25.  Spatial analysis summary for zone sampling of faecal pollution indicators for nine 
estuaries (Data: Courtesy of NSW Oyster Farmers Shellfish Program)  
 
Key Legend  FCU 90%ile 
(= 90th percentile) 
E. coli 
(CFU/ g) 
Assessment 
 < 23 FCU/100ml < 2.3/ g Approved 
 < 80 FCU/100 ml < 5.0/ g Restricted 
 > 80 FCU/100 ml > 5.0/g Prohibited 
 
ESTUARY 
 
 
SITE Water 
FCU/100ml 
90%ile 
Ecoli 
(CFU/g) 
Salinity 
(ppt) 
CV (%) 
Salinity 
FCU  
(Obs) 
Ecoli  
(Obs) 
Camden Haven Paddock 58  32.6 8 85  
2000-2003 Upper River 16  31.4 11 93  
 Henry Kendall 229 1.9 31.7 11 26 93 
 Brigadoon 484  31.5 11 92  
 Mid Googley´s  46 3 32 14 93 25 
 Lower river 69 5.9 31 15 98 28 
Hastings A 66 1.41 31 14 24 28 
2000-2003 B 3 2.07 33 13 60 69 
 C 93 1.8 31 8 60 77 
 D 76 2.2 31 9 49 56 
 E 214 2.9 30 11 42 48 
 F 4 1.3 31 9 86 98 
 H 10 2.7 31 13 28 31 
 I 4 4 28 16 32 42 
 J 1 3.7 28 18 32 50 
Manning Atop 23 2.2 26 20 67 15 
2000-2003 Abot 61  27 18 47  
 Btop 26 1.7 23 24 69 17 
 Bbot 53  26 21 48  
 Ctop 25 3 21 24 72 20 
 Cbot 174  24 22 32  
 CSstop 48 2.1 22 29 59 15 
 CSbot 328  25 24 33  
 Dtop 19 3.7 25 30 62 11 
 Dbot 187  27 25 46  
 Etop 75 1.4 22 35 58 11 
 Ebot 139  26 24 47  
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ESTUARY 
 
 
SITE Water 
FCU/100ml 
90%ile 
Ecoli 
(CFU/g) 
Salinity 
(ppt) 
CV (%) 
Salinity 
FCU 
(Obs) 
Ecoli  
(Obs) 
Port Stephens Tea Garden 37 1.6 25 27 49 97 
2000–2002 L. Tea Gardens 35 2 29 20 51 91 
PS Farmers Corrie Island 20 0.8 32 12 94 60 
 Little Swan  90 1.4 26 20 54 96 
 Swan Bay 140 2.2 30 21 34 88 
 Tahlee 28 0.8 28 21 46 105 
 Oyster Cove 21 0.4 31 14 30 52 
 Tanilba Bay 17  30 24 66  
 Salt Ash 810 3.3 20 41 67 46 
 Upper Tilligerry 188 4 25 25 76 119 
 Middle Tiliigerry 38 2.5 26 24 62 96 
         
2002–2004 Tea Garden 53  23 47 150  
Food Authority L. Tea Gardens 54  27 32 56  
 Corrie Island 48  29 26 341  
 Little Swan  90  28 25 165  
 Swan Bay 120  30 23 122  
 Tahlee 83  29 23 185  
 Oyster Cove 31  30 18 93  
 Tanilba Bay 26  34 6 24  
 Salt Ash 400  23 33 55  
 Upper Tilligerry 68  28 22 118  
 Middle Tiliigerry 27  30 18 84  
        
2000–2002 Lower Tilligerr 70 2.8 26 29 79 102 
PS Farmers Lemon Tree  44 4.9 27 22 66 123 
 Upper Cromart 93 2 28 24 74 122 
 Outer Cromart 24 1.3 28 22 54 105 
 Soldiers Point 20 0.5 29 24 52 104 
 Upper Karuah 30  26 21 47  
 Upper E Karuah  32  26 24 45  
 Mid Karuah 200  29 19 24  
        
2002–2004 Lower Tilligerr 23  30 18 117  
Food Authority Lemon Tree  20  31 18 189  
 Upper Cromart 12  30 18 72  
 Outer Cromart 16  31 18 73  
 Soldiers Point 11  31 18 98  
 Upper Karuah 500  21 46 135  
 Mid Karuah 5  31 13 33  
 Lower Karuah 14  29 16 206  
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ESTUARY 
 
 
SITE Water 
FCU/100ml 
90%ile 
Ecoli 
(CFU/g) 
Salinity 
(ppt) 
CV (%) 
Salinity 
FCU  
(Obs) 
Ecoli  
(Obs) 
Brisbane Waters Bensville 19 4.2   260 79 
2000–2003 Broadmeadow 20 3.8 33 10 258 72 
 Hardys Bay 6 0.7 34 5 250 72 
 Merrits Wharf 24 2.6 35 5 259 72 
 Murphys Bay 10 1.5 33 7 255 72 
 M216 14    255  
 Meadow Creek 46    252  
 St Huberts 10 1 34 13 253 68 
 Lagoon     131  
 Waterfall 6 3.9 33 8 247 69 
 Scotshall     247  
 Veteranshall 22    245  
Hawkesbury Kimerikong 4.4 78 25 21 224 98 
2001–2004 Coba 2.4 46 25 24 208 94 
 Marra 1.7 33 26 25 267 96 
 Porto 2.8 25.5 31 14 120 61 
 Sandbrook 2.7 38 29 17 315 205 
Crookhaven Crookhaven 62 2.4 28 19 40 30 
2000–2003 Curley's Bay 21 0.8 28 19 34 31 
 Goodnight Island 23 1.1 29 15 40 31 
 Berry's Canal 38 1.1 27 18 37 29 
 Comerong 13 0.9 29 16 49 29 
 Berry's Bay 56 4.2 24 22 44 38 
 Depot Canal  41  28 17 65  
Clyde 2003–2005 C2 21 1 35 43   
 C3 5 1.2 33 35   
 C4 5 1.7 45 53   
 C5 115 0.8 34 45   
 C7 35 2 42 53   
Pambula Zone 1 100 1.3 27 28 72 66 
2001–2003 Zone 2 44.5 0.9 30 24 40 8 
 Zone 3 9  31 13 40  
 Zone 4 9  32 6 40  
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9.5.4   Water Quality Maps for Pilot Study Estuaries 
The results of the analysis of the faecal pollution profiles in both oysters and 
water for the seven estuary data sets in the previous section was then presented 
spatially in a purpose built NSW aquaculture GIS database (Zeng et al., 1998). 
Results are classified into approved, restricted and prohibited using the 90th 
percentile faecal coliform units (FCU) in water column samples, as specified in 
the Australian Shellfish Quality Assurance Program (ASQAP) measured as FCU 
(100 ml)-1 and the mean for E. coli levels in oyster meat, measured as E. coli  g-1 of 
fresh oyster meat. The maps are found in (Figure 46–53). 
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Figure 46.  Camden Haven River estuary water quality indices 2000–2003 (Data Source: Camden 
Haven River Oyster Farmers) 
 
Figure 47.  Hastings River estuary water quality indices 2000–2003 (Data Source: Hastings River 
Oyster Farmers) 
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. 
 Figure 48.  Manning River estuary water quality indices 2000–2003 (Data Source: Manning 
River Oyster Farmers) 
 
Figure 49.  Port Stephens water quality indices 2000–2002 (Data Source: Port Stephens Oyster 
Farmers) 
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Figure 50.  Port Stephens water quality indices 2002–2004 (Data Source: NSW Food Authority) 
 
Figure 51.  Hawkesbury River water quality indices 2002–2004 (Data Source: NSW Food 
Authority) 
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Figure 52.  Shoalhaven – Crookhaven River water quality indices 2000–2004 (Data Source: 
Crookhaven Oyster Farmers) 
 
Figure 53.  Pambula Lake water quality indices 2000–2004 (Data Source: Pambula Lake Oyster 
Farmers) 
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This visual presentation of the data is a simple but informative format for 
spatially identifying the quality of water on a local scale within an estuary. These 
types of maps could be updated regularly and made available to the council, 
local community, and on the Internet if desired. Visualisation of water quality 
information is used in shellfish programs in the NSSP, to identify problems and to 
direct efforts for restoration. It also assists in tracking high quality harvest area 
performance and alerts both regulators and the community to the need to 
maintain their protection. Such an approach is consistent with the concept of 
applying water pollution control at the lowest appropriate level (WHO/UNEP, 
1997). The appropriate level may be defined as the level at which significant 
impacts are experienced. 
 
9.6   Restoration of Water Quality for Shellfish Food Safety 
It is noted that industry antagonism to shellfish growing area classification has 
arisen in shellfish programs in America where failure to meet water quality 
harvesting standards has led to progressive closure of waters to shellfish 
harvesting (Kassner, 1988). The two main areas of concern were the coliform 
standard and the emphasis of the classification program on prohibiting 
harvesting rather than correcting the problem.  Sewer overflows as a result of 
stormwater is also an area of significant estuary pollution in urbanised 
catchments, which has major repercussions for the oyster industry. Typically, the 
design criteria for combined sewer overflows are based on the spill frequency or 
treatment capacity during dry weather flow, and do not take into account the 
effect of overflow on the receiving water during wet weather (Zabel et al., 2001). 
Leaking septic systems were also initially suggested as a possible contributing 
factor in the Wallis Lake Hepatitis A oyster contamination and the incident was 
used as a trigger to initiate a Septic Safe Program in rural NSW (NSW Department 
Local Government, 2000). 
 
In Canada in the mid-1990s, it was recognised that closure to harvesting of 
recreational and commercial shellfish beds was a clear demonstration of the 
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deterioration of coastal environments (Caine, 1997). This led to concerted efforts 
at the community level to identify and remediate non-point pollution sources 
(McKnight and Nelson, 1999). New programs were established such as the Round 
Table concept for multi party mediation to focus on shellfish growing water 
monitoring and remediation. The Round Table has resulted in a number of 
innovative community driven programs such as ‘Sound Stewardship’ groups, 
volunteer ‘Hotspot’ monitors, ‘Adopt-a-Stream’ neighbourhoods, and ‘Septic 
Socials’ to teach local residents about their septic systems and how to maintain 
them (Caine, 1997). New regulations to restrict sewage discharge from vessels 
were also introduced. These iniatiatives led to harvest area classification 
upgrades, reflecting an improvement in general marine environmental quality 
and shoreline amenities (McKnight and Nelson, 1999). Stormwater and sewage 
reticulation systems need to be designed or modified to reduce risk of overflow 
in vulnerable areas such as enclosed bays and oyster harvesting areas and to 
provide early warning systems when problems occur (Macfarlane, 1997a). 
9.6.1   Identification of Faecal Sources 
There is wide agreement that the prevention of pollution is the key to protecting 
water quality in oyster harvest areas. Tracking the source of contamination in a 
rural watershed is a key element of risk assessment for food safety (Graves et al., 
2007). NSW Oyster farmers, when presented with information in the water 
quality map format, have identified probable causes and possible remedial 
actions. In nearly every instance, it was due to agricultural sources. In particular, 
cattle access to the riparian zone was a common reason attributed to poor 
results. An example of the use of this information is the Crookhaven River 
catchment management authority 25 km riparian fencing program on areas 
adjacent to upper Crookhaven leases, as an adjacent creek on dairy land was 
found to be a significant source of faecal pollution (B. Allen, personal 
communication, July 2004). This resulted in ‘massive improvement’ with zone 
water FCU values returning to normal within 48 hours following rain run-off 
where previously it took 2–3 weeks (B. Allen, personal communication, 
December 2010).  
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Identification of faecal sources in problem areas, using analytical techniques 
(such as sterol analysis), could be a useful confirmatory step. In 2000–2002, 
when farmers were collecting samples, Salt Ash and Upper Tilligerry returned the 
highest water FCU 90th percentile results in the State indicating the area was 
heavily polluted. The University of Newcastle subsequently undertook sterol 
testing of faecal coliforms revealing that they were of human origin. The area 
was immediately closed to harvest by the NSW Food Authority and became the 
intense focus of local community discussion. The high water table and large 
number of septic tanks in the area were believed to be the cause. 
  
There is also consensus that resource managers need better tools and 
techniques that are rapid, reliable and affordable to identify existing and 
emerging problems associated with bacterial and especially faecal 
contamination. Traditional faecal water quality monitoring techniques have long 
been used to measure ambient pollution levels, but have limited utility in 
distinguishing between different sources of pollution. To aid in this effort, a 
number of methods have been employed to more accurately identify and trace 
sources of faecal contamination. These methods fall into three basic groups:  
• DNA fingerprinting 
• biochemical 
• chemical.  
 
‘DNA fingerprinting’, a molecular technique, is genotypic in its approach, since it 
examines the unique genetic make-up of different strains or subspecies of 
bacteria. The biochemical methods are phenotypic in that they assess the unique 
characteristics and behaviours of different bacteria. And the chemical methods 
are designed to find chemical compounds closely associated with the bacterial 
sources. The most notable methods are outlined in Table 26. 
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Table 26.  Methods for Identifying and Tracking Sources of Faecal Contamination (after 
Sargeant, 1999) 
Methods Diagnostic 
Molecular Methods Basis 
(genotypic analysis of bacteria) 
Ribotyping Ribosomal RNA is isolated to create distinctive bands or 
fingerprints for different sources. 
Pulse Field Gel Electrophoresis Distinguishes bacterial DNA using low-voltage, oscillating 
electrical current to separate bands. 
Randomly Amplified 
Polymorphic DNA 
Identifies unique polymorphism within the DNA of faecal 
bacteria.  
Biochemical Methods 
(phenotypic analysis of bacteria and other host organisms) 
Antibiotic Resistance Analysis Bacteria from different hosts have unique patterns of 
resistance to various antibiotics. 
Bacteriophage / Coliphage 
Indicators 
Different phages (bacterial viruses) are characteristic of 
different hosts and pollution sources. 
Sterol Analysis humans and other organisms have distinctive types, 
quantities and ratios of sterols (fatty acid constituents found 
in cell walls and membranes) 
Faecal Bacteria Ratios Humans and animals carry unique ratios of different types of 
stomach and intestinal bacteria. 
Streptococcal Population 
Profiles 
Compositions of faecal Streptococcus group species differ 
among animals. 
Species-Specific Indicators Some bacterial strains (e.g. Streptococcus bovis) are 
associated with humans or certain animals. 
Bacterial Nutrition Patterns Bacteria have different nutrient requirements and use 
carbon and nitrogen differently for energy and growth. 
Chemical Methods 
(unique chemical tracers of human sources of pollution) 
Optical Brighteners Brighteners in laundry detergents are persistent in the 
environment and are associated with human sources. 
Caffeine Detection Caffeine passes through the digestive system and is largely 
characteristic of human sources. 
Fluorescent Dye Tracing Dye introduced to sewage system and detected in the 
environment establishes pathway. 
Other Methods 
Site-Based Water Quality 
Monitoring 
Targeted / segmented monitoring identifies pollution areas 
and sources.  
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9.7   Catchment Run-off Site Risk Assessment using Microbial 
 Indicators 
Decisions on the classification of estuaries are contingent upon a number of 
critical criteria, including actual and potential pollution sources, and their 
quantification, as well as meteorological and seasonal factors affecting the area. 
None of these criteria, however, provides a ready means of quantitatively 
determining the impact of pollution in a Zone following rain events. 
Determination of the temporal variability of FCU in Zones used in the NSW 
Shellfish Program, during dry and rain periods, could be used to place an upper 
limit on what might be an acceptable increase in FCU, for risk assessment 
purposes. To investigate this approach, the mean and standard deviation (SD) of 
Log (FCU) for different Zones in Port Stephens during dry and rainy weather were 
computed (Table 27). This approach provides a relatively simple method for 
benchmarking and determining the impact of pollution from land run-off, in a 
Zone during rain periods. It also provides a potential method for establishing a 
‘target’ standard, or water quality objective as a trigger to tackle impairment of 
Zone water quality due to adjacent catchment pollution run-off. Areas with a 
high mean during dry periods are of particular concern, suggesting chronic and 
erratic faecal pollution and would be considered high risk. Zones that are 
significantly impacted by pollution during rain periods, e.g. Mean Log FCU > 2.0, 
would also be of higher risk. These could be identified and targeted for further 
investigation of faecal pollution source such as  sterol analysis or earmarked for 
remediation programs such as  riparian restoration. 
 
Table 27.  Mean and Standard deviation of LOG (FCU) data for dry (Open) and rain (Closed) 
periods in 17 Zones in two major estuaries. Highlighted data represent locations with 
significant pollution 
ZONE Mean Open S.D. 
Open 
Mean Closed S.D. 
Closed 
Sandbrook 0.35 0.39 1.33 0.63 
Porto Bay 0.18 0.16 1.16 0.71 
Coba 0.33 0.27 1.53 0.93 
Kimmerikong 0.30 0.41 1.51 1.04 
Marra 0.39 0.43 1.43 0.77 
Salt Ash 1.22 0.06 2.1 0.52 
Up. Tilligerry 0.51 0.49 1.71 0.61 
Mid Tilligerry 0.20 0.49 1.69 0.53 
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Low Tilligerry 0.31 0.48 2.0 0.62 
Lemon Tree 0.14 0.50 1.90 0.59 
Tea Garden 0.39 0.66 1.65 0.37 
Low Tea Garden 0.26 0.81 1.73 0.44 
Pindimar 0.01 0.63 1.73 0.51 
Low Pindimar 0.15 0.64 1.60 0.40 
Corrie Island 0.15 0.64 1.60 0.40 
Up. Karuah 0.14 0.64 2.0 0.65 
Lower Karuah 0.01 0.72 1.65 0.48 
 
9.8   Epidemiological Evaluation of Faecal Diagnostic Tests  
A major problem with present water pollution warning systems is that bacterial 
indicator concentrations are spatio-temporally variable and most sampling may 
be too infrequent to transcend this spikiness. To overcome this constraint, 
shellfish programs use predictive models to minimise public health risk. Hence, 
routine closures are established for particular shellfish areas based on climatic 
and biophysical triggers. The science of epidemiology is useful in this context as it 
seeks to describe, understand and utilise patterns of ‘disease’ to improve health. 
Epidemiology is in many respects an ecological discipline with the unit of analysis 
always the group. A good epidemiological exposure variable reflects the 
purposes of epidemiology and is measurable accurately, differentiates 
populations in their experience of disease or health and generates testable 
aetiological hypotheses, or helps in developing health plans to prevent and 
control disease (Bhopal, 2002).  
 
Defining variability and uncertainty distributions are an integral part of best 
practice risk analysis (see Chapter 2). These should be expressed in terms of 
causal factors and the residual variability modelled as a topic of interest in its 
own right (Hattis, 2004). For example, replicate measurements of an observation 
could be made to subtract the measurement errors from the total observed 
variance to arrive at an estimate of the real intrinsic variability. This process 
should leverage the predictive power of the data in the context of reasonably 
plausible mechanistic theories about the processes underlying observable 
variability and causal dependencies. Costs or time involved may, however, be 
prohibitive when very large temporal and spatial variability exists. 
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Hattis (2004) identifies the ‘subtle and pernicious historical conception’ in 
epidemiology of variation as categorical in nature because of arbitrary cut-off 
points in continuous distributions. These cut-off points are used to define 
conditions or ‘disease’ where other support for making a qualitative decision is 
not apparent. Hattis (2004) notes that attempts to distinguish ‘real’ variation 
from measurement errors, other sources of uncertainty and stochastic 
fluctuations are absent even in the most recent discussions of probabilistic risk 
assessment methodology. Hattis (2004) argues that a distinction needs to be 
drawn between random or systematic errors and real underlying differences that 
are now defined as ‘variability’. 
  
Food safety indicators do have the features identified by Hattis (2004) including 
continuous distributions, cut-off points and variation. They are used in shellfish 
programs as a key risk management tool, informed by shoreline sanitary surveys, 
and linked to other cut-off points including rainfall and salinity. The following 
sections undertake an epidemiological assessment of the diagnostic tests used in 
the NSW Shellfish Program to review and evaluate their risk management 
effectiveness on uncertainties in the economic and human health objectives of 
the NSW oyster industry. 
9.8.1   Relationship of Diagnostic Tests and Environmental Covariates 
Port Stephens’s estuary was selected for model development because of its large 
size and the presence of oyster farming lease areas within each of the four 
geomorphic zones that describe south-east Australian estuary systems (Roy et 
al., 2001). Five oyster farming areas (Zones) were chosen within the estuary to 
explore the degree of FCU pollution and the predictability of pollution events 
within the respective areas. Samples were collected under the auspices of the 
NSW Shellfish Program from designated sites within or adjacent to oyster lease 
areas assigned to ‘Zones’ specified in the Port Stephens Shellfish Program (see 
Table 28). Data were sourced from the NSW Food Authority and local shellfish 
programs established under the Program. The results of this analysis have been 
published in Ogburn and White (2009).  
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Table 28.  Zone sampling statistics used in development of the predictive model 
Zone Geographic Name Number sampling 
days 
Number sites sampled 
– FCU 
2 North Arm Cove 14 3 
3 Swan Bay 25 12 
5 Tilligerry 30 14 
6 Cromarty Bay 13 8 
7 Karuah River 15 5 
 
The maximal model is: 
Y =  mean + Zone + Zone * [ Temp + Sal + RWeek + R0 + R24 + R72 + JDay + Cos(SDay) + Sin(SDay) 
]+  Zone:Site + FDay + Zone:FDay + error 
 
In brief, this full model allows the response Y, equal to log (FCU + 1), within each 
of the five Zones (2, 3, 5, 6 and 7) to have a baseline response for each Zone 
(mean + Zone) and to be linearly related to temperature (Temp), salinity (Sal), 
previous week’s rainfall (RWeek), previous day’s rainfall (R0), rainfall 24–48 
hours prior to measurement (R24) and rainfall 72–168 hours prior to 
measurement (R72). Also, a linear trend in time (JDay) and a seasonal trend with 
a yearly cycle (Cos(SDay) + Sin(SDay)) is included. The inclusion of ‘Zone *’ in the 
above model indicates that the dependence on the above terms is possibly 
different within each Zone. The remaining terms in the model, those in bold 
italics, are included as random effects that are sources of variation. Zones:Site 
allows for variation across sites within each zone, FDay is a factor associated with 
each unique sampling day, Zones:FDay allows for extra variation across days 
within each Zone and finally error is the random error in the model. All random 
terms are assumed independent which is a first approximation given that there 
could be some auto-correlation with FDay effects.  
 
Treating Cos(SDay) + Sin(SDay) in the above model as a single term since both 
are required to model the seasonal trend, the above model contains forty (40) 
fixed effects terms (excluding mean + Zone) that can either be retained or 
omitted. Hence 240 possible models if all are to be compared. This is 
computationally impossible and hence a step-down k-fold cross validation 
procedure is used to select a suitable model. The procedure starts with the 
maximal model above and estimates its mean PSE and associated standard error. 
Then each sub-model of this maximal model containing all but one of the fixed 
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effects terms is fitted and the mean PSE and associated standard error are 
estimated. The model from this sub-set of models with minimum mean PSE is 
then selected as the ‘maximal-model’ for the next stage. This process is then 
repeated until the mean PSE for all subsequent sub-models begin to become 
unacceptably large. 
 
The results of the application of this step-down k-fold cross validation procedure 
(k = 7) up to the stage where omitting further terms leads to an unacceptable 
increase in mean PSE from the full model we are left with the following reduced 
model: 
Y =  Zone + at(Zone, c(2,3,5,6)):Sal + at(Zone,7):Temp + at(Zone, 
c(5,6,7)):R0 + + at(Zone, c(5,6)):R24  + at(Zone, c(3,5)):R48 + at(Zone, 
c(2,3)):R72 + at(Zone, 3):JDay  + Zone:Site + FDay + Zone:FDay + error 
 
 
Fitting this model to the full data set results in a predictive model with the 
coefficients found in Table 29 with the Z-Ratio being the value of the Coefficient 
divided by the Standard Error. This ratio provides an absolute measure of the 
robustness of each variable in the model. 
Table 29.  Selected variables and respective coefficient derived from the model 
Variable Coefficient Std. Error Z Ratio 
at(Zone3):JDay   -0.0010 0.0005 -2.2 
at(Zone3):R72     0.0117 0.0029 4.0 
at(Zone2):R72     0.0228 0.0059 3.9 
at( Zone5):R48    0.0155 0.0066 2.4 
at( Zone3):R48     0.0463 0.0066 7.0 
at(Zone6):R24     0.0405 0.0101 4.1 
at(Zone5):R24     0.0363 0.0073 4.9 
at(Zone7):R0      0.0528 0.0119 4.4 
at(Zone6):R0    0.0185 0.0077 2.4 
at(Zone5):R0      0.0262 0.0065 4.0 
at(Zone7):Temp   -0.1653 0.0208 -7.9 
at(Zone6):Sal -0.1604 0.0226 -7.1 
at(Zone5):Sal    -0.1221 0.0094 -13.1 
at( Zone3):Sal    -0.1368 0.0112 -12.2 
at(Zone2):Sal    -0.1702 0.0220 -7.7 
Zone2              5.8192 0.7692 7.6 
Zone3    5.2955 0.4203 12.6 
Zone5 5.3132 0.3134 17.0 
Zone6 5.5391 0.7493 7.4 
Zone7 5.5200 0.5341 10.4 
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Here the notation is, for example, that salinity is a useful predictor for FCU at 
Zones 2, 3, 5 and 6 whilst not so at Zone 7, after adjusting for the other variables 
in the model. At Zone 7 Temp appears a better predictor than salinity after 
adjusting for rainfall. At Zone 3 we see that there is a trend with time (JDay 
effect). Estimates of the variance parameters in the model are found in Table 30. 
Table 30.  Estimates of the variance parameters in the model  
Source of Variance Variance estimate Std. Error Z Ratio 
Zone:Site 0.2427 0.0601 4.0 
FDay 0.3324 0.0791 4.2 
Zone:FDay 0.2891 0.0591 4.9 
R!variance 0.6204 0.0202 30.7 
 
 
From the above model it appears that Y(log FCU +1) and hence FCU decreases 
with increasing salinity at Zones 2, 3 5 and 6 and with increasing temperature at 
Zone 7 when the rainfall variables are fixed and the trend in time at Zone 3 is 
removed. 
 
From the model we have, for example, that the predictive model at Zone 2 is:  
 
Predicted Y at Zone 2 = 5.8192 - 0.1702 Sal + 0.0228 R72 
 
Based on the model the observed values compare with the fitted values at each 
Zone as illustrated in Figure 54. 
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Figure 54.  Comparison of observed and fitted values of Log (FCU+1) at each Zone (from Ogburn 
and White, 2009) 
 
Modelling the response of Water FCU to salinity, rainfall and water temperature 
for each Zone resulted in a reasonable level of predictability for observed values 
compared to fitted values. This is appropriate for a Conditionally Approved area 
classification for oyster harvesting which requires a high level of predictability 
and a low human viral contamination risk assessment in faecal pollution events. 
As a management tool the resultant model for each zone can be reduced to a 
cut-off point which meets the ASQAP standard of 14 FCU / 100ml for reopening 
of a Zone following a rain event. In the case of Zones 2, 3, 5 and 6 this is 
equivalent to a salinity ≥ 25, 30, 33 and 26   respectively. Using this modelling 
approach, refinement of these cut-off points for oyster harvest areas could be 
used in a shellfish management program. 
 
Similar modelling of the Oyster meat E. coli indicator response to environmental 
parameters was not successful suggesting that based on the data provided by 
the NSW Shellfish Program, the usefulness of this indicator in the classification 
and management of harvest areas is limited.  
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9.8.2   Evaluating Repeatability of Diagnostic Tests 
Any diagnostic test needs to be repeatable. Triplicate water FCU sampling was 
conducted at one site from November 2003 to March 2005 to evaluate the 
repeatability of this test. Duplicate oyster meat E. coli sampling was also 
undertaken at the same site. No significant difference was found between means 
for either test. Both indicators were highly skewed and no transformation was 
effective in providing a normal distribution. Results are presented in Table 31. 
 
Table 31.  Statistics for comparison of triplicate FCU samples and paired E. coli samples, 
respectively taken at the same place and time. Data: Courtesy of NSW Shellfish 
Program) 
FCU Indicator    
Analysis Sample 1 Sample 2 Sample 3 
N 367 324 254 
Average 93.8 116.7 94.8 
Standard Deviation 469 501 339 
Standard Error 24.6 27.9 21.3 
Upper CI -95% 142.3 171.6 130.7 
Lower CI -95% 45.7 61.9 46.8 
    
E.coli Indicator    
Analysis Sample 1 Sample 2  
N 272 228  
Average 2.8 2.6  
Standard Deviation 6.6 6.9  
Standard Error 0.40 .46  
Upper CI -95% 3.6 3.5  
Lower CI -95% 2.1 1.7  
 
 
9.8.3   Comparison of Diagnostic Tests 
As noted, the EU Shellfish Program has relied on an oyster meat faecal pollution  
indicator, whereas the NSSP has relied principally on a water faecal pollution  
indicator. The NSW Shellifsh Program has attempted to integrate both meat and 
water testing to monitor indicators of faecal pollution. While this may appear to 
be a robust and conservative risk reduction measure, the outcome  may not be 
straightforward. Lees (1996) found that bacterial counts in shellfish did not 
directly correlate with bacterial counts in water and therefore the equivalency of 
these approaches for delivering the same level of public health protection is not 
immediately apparent. 
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9.8.4   Correlation of Oyster Meat and Water Samples 
Two faecal pollution indicators (FCU in water and E. coli in meat) used in the 
NSW Shellfish Program have been examined in this study. Ideally, the two 
indicators should closely correlate for them to be considered meaningful as both 
or either can be used for opening / closing estuaries in NSW. Correlation analysis 
of the two indicators was performed (Figure 55) using 1875 paired samples taken 
from the same location at the same time. A very low correlation (R2 = 0.20) was 
determined between the two indicators. The very large number of readings on 
both axes suggests that equivalency in positive results for both tests is low, 
which is a cause for concern.  
 
 
Figure 55.  Comparison of paired samples (taken at same time and lease area) of Oyster E. coli 
and Water FCU tests (N = 1875) showing low correlation of the two test methods 
(from Ogburn and White, 2009) 
 
9.8.5   Interpreting Diagnostic Tests in NSW Shellfish Program 
Classification of samples as ‘clean’ or ‘polluted’ based on the indicators used can 
be prone to false positive and false negative interpretations of the true situation. 
Error in the faecal indicator test results for water and oyster meat has two 
sources: 
1. Sampling error – measured by the standard error of the mean and 
addressed by sample size  
2. Non-sampling error – which is not connected with the statistical problem 
of the selection of the sample.  
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These errors arise from defects in the sampling frame, mistakes in the collection 
of data due to bias or negligence, and mistakes in the processing stage (Griffin, 
1962). Another large source of non-sampling error is the biological process by 
which the test result is generated. For example it might be that some oysters, 
because of their physiology, do not have high E. coli even when in water which 
has a high amount of E. coli. It is the non-sampling error which is of particular 
interest, and consequently an evaluation of the diagnostic tests is a useful first 
step in evaluating this component of the variability / error.  
 
The diagnostic sensitivity and specificity are population parameters that describe 
the test performance for a given reference population, having a given 
distribution of covariate factors, under defined conditions including sampling, 
laboratory, ‘gold standard’ or the best currently available method, cut-off point, 
etc. (Greiner and Gardner, 2000). 
 
The sensitivity of a test is formally defined as the proportion of true positives 
(contaminated, infected or diseased individuals or items) that yield a positive 
test (Martin et al., 1987). Traditionally, the sensitivity is estimated by testing a 
group of known positive individuals. In the case of faecal pollution indicators, we 
consider the ‘disease’ being the presence of a faecal pathogen in oysters. 
Reasons for lack of sensitivity in these circumstances may include:  
• timing of testing and level of contamination 
• ample is not representative of population 
• laboratory errors.  
 
Conversely, specificity is the proportion of true negatives that actually test 
negative (or 1 – false positive proportion). Reasons for lack of specificity may 
include:  
• improper timing of sampling 
• various aspects of the biological relationship between the occurrence and 
density of the indicator  
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• the occurrence of the pathogen 
• contamination in field sampling 
• laboratory error 
• cross contamination in the lab.  
 
The problem with the use of indicator organisms is that the ‘infected’ or 
‘diseased’ state (i.e. the underlying outcome of interest) is vaguely defined. This 
outcome could be the presence or absence of a specific human-derived or 
animal-derived microbial pathogen (e.g. norovirus), or, it could be the presence 
or absence of any human or any animal faecal contamination. Nevertheless, 
sensitivity and specificity is still a useful concept in the present context because it 
can be used in a relative sense by estimating the performance of one test relative 
to another. 
 
Where the sample is based on true positive individuals, a confidence interval can 
be constructed around the estimate point. The standard error (SE) of the 
proportion (p) can be calculated using SE (p) = [p (1-p/n)] 1/2 , where n is the total 
number of observations and the 95 per cent Confidence Interval (CI) = p±1.96*SE 
(p). A confidence interval can be constructed around the estimate of specificity 
as above. The larger the sample size, the better the precision in the estimate of 
sensitivity or specificity. In theory, a representative sample of 100–200 true 
positives (‘diseased’) and 2000 or more true negatives (‘non-diseased’) has been 
cited as providing reasonably precise point estimates for sensitivity and 
specificity, respectively (Martin, 1984). 
 
The water FCU test is the harvest management diagnostic test commonly 
recognised by the ASQAP and NSSP programs. Provided there has been no 
‘significant’ recent rain or other potential pollution risks, this test is used to 
determine whether an area should be Open (–) or Closed (+) to harvest of 
oysters. Consequently the water FCU test is the nominative ‘reference test’. 
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The likelihood ratio is a useful concept in epidemiology that represents the ratio 
of the probability of a ‘disease’ being present to a disease being absent. In this 
study, the positive diagnostic likelihood ratio (DLR) represents the odds ratio that 
a positive test result will be observed in a Closed to harvest scenario versus the 
odds that the same result will be observed in an Open to harvest scenario. The 
negative DLR represents the odds ratio that a negative test result will be 
observed in a Closed to harvest scenario versus the odds that the same result will 
be observed in an Open to harvest scenario. 
 
The calculation of these parameters using Table 32 is shown below. 
 
Table 32.  Table used for parameters that describe the quality and usefulness of a test 
 Reference Test Results 
  Closed(+) Open (–) 
New Test Results Closed (+) TP FP 
 Open (–) FN TN 
   
TP = number of true positive specimens 
FP = number of false positive specimens 
FN = number of false negative specimens 
TN = number of false negative specimens 
Sensitivity = TP / (TP+FN) 
Specificity = TN / (TN+FP) 
Positive Diagnostic Likelihood Ratios = (TP / (TP+FN)) / (FP / FP+TN)) = Sensitivity / (1-Specificity) 
Negative Diagnostic Likelihood Ratios = (FN / (TP+FN)) / (TN / (FP+TN)) = (1-Sensitivity) / 
Specificity 
 
9.8.6   Performance Measures of Diagnostic Tests 
A positive result for an oyster E. coli test is determined as the cut-off value of > 
2.3 E. coli g-1 of fresh oyster meat. The Water FCU cut-off value for a positive test 
is > 14 FCU / 100 ml. Table 33 presents data sets for a number of estuaries to 
show the results of these diagnostic tests under different environmental 
circumstances. A total of N = 848 paired samples were compared showing that 
73 per cent and 8 per cent of the time the two tests gave matching negative and 
positive readings, respectively. A particular concern is the fact that 7 per cent of 
the time oyster E. coli samples were positive when the Water FCU test was 
negative. In some individual sites, the discordant diagonal results were greater. 
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For example in Corrie Island 20 per cent of positive oyster E. coli samples had 
negative results for the Water FCU test.  
 
Table 33.  Comparative analysis of corresponding meat and water samples for estuaries (from 
Ogburn and White, 2009) 
 
Hawkesbury "Open" 
Water FCU 
High 
Water FCU 
Low  Tilligerry 
Water FCU 
High 
Water FCU 
Low 
Oyster E. coli high 13 11  Oyster E. coli high 12 20 
Oyster E. coli low 44 306  Oyster E. coli low 13 56 
       
Hawkesbury "Closed" 
Water FCU 
High 
Water FCU 
Low  Tea Gardens 
Water FCU 
High 
Water FCU 
Low 
Oyster E. coli high 15 2  Oyster E. coli high 0 4 
Oyster E. coli low 13 11  Oyster E. coli low 4 15 
       
Cromarty 
Water FCU 
High 
Water FCU 
Low  Pindimar 
Water FCU 
High 
Water FCU 
Low 
Oyster E. coli high 4 7  Oyster E. coli high 2 2 
Oyster E. coli low 3 62  Oyster E. coli low 4 12 
       
Manning 
Water FCU 
High 
Water FCU 
Low  Corrie Island 
Water FCU 
High 
Water FCU 
Low 
Oyster E. coli high 18 20  Oyster E. coli high 2 5 
Oyster E. coli low 13 134  Oyster E. coli low 3 15 
       
Total 
Water FCU 
High 
Water FCU 
Low  Port Step. “Open” 
Water FCU 
High 
Water FCU 
Low 
Oyster E. coli high 66 59  Oyster E. coli high 2 10 
Oyster E. coli low 98 625  Oyster E. coli low 8 197 
 
 
In epidemiological studies the degree of misclassification can be quantified by 
comparing the diagnostic test to the ‘gold standard’, or the best currently 
available method (Martin et al., 1987). Such gold standards are a great rarity; 
however as a hypothetical construct it is useful for describing the ‘true disease 
status’ (D. Jordan, NSW DPI, personal communication, November 2005). The true 
disease status is frequently unknown and either impossible to obtain or 
excessively costly. In many cases, imperfect tests are used for which there are no 
quantitative measurements of sensitivity or specificity (Hammell, 1999). The 
most common response to choosing which test gives a better measure of the 
true disease status is to interpret the greatest number of test positives as the 
greatest number of true positives (Hammell, 1999). 
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Indirect measures to determine apparent sensitivity and specificity of a 
diagnostic test requires a relatively large number of test results (n > 1000) when 
the assumed prevalence of ‘disease’ is less than 1 per cent. It also requires that 
the test has high sensitivity (Martin et al., 1987). As is shown below this 
assumption is not met with the oyster E. coli test. 
 
Samples were selected from the Hawkesbury River and Port Stephens data sets 
that excluded rain events in the previous 72 hours and < 10 mm total rain in the 
week to reduce ‘likely prevalence’ of positive tests (Table 34). Using this 
assumption, the sensitivity and specificity of the oyster E. coli test against the 
Water FCU test, as the ‘gold standard’ was calculated. The water FCU test is the 
recognised harvest management tool for the NSSP and ASQAP. 
 
Table 34.  Data used to calculate apparent sensitivity and specificity of the oyster E. coli 
diagnostic test using samples taken when no rain had occurred in the previous 72 
hours and < 10 mm total rain in the week. Units are the number of paired 
observations (from Ogburn and White, 2009) 
Low Prevalence Samples Water FCU High Water FCU Low Total 
Oyster E. coli high 22 100 122 
Oyster E. coli low 33 1004 1037 
Total – Hawkesbury 55 1104 1159 
Oyster E. coli high 2 10 12 
Oyster E. coli low 8 197 205 
Total – Port Stephens 10 207 217 
 
 
The sensitivity of the E. coli test was calculated using this data set to determine 
the probability of a positive E. coli result when a positive FCU test would prevent 
oysters being harvested from the area. The specificity of the E. coli test was 
calculated to determine the probability of a negative E. coli test when a negative 
FCU test would allow harvest. In addition the positive and negative DLR was 
calculated to determine respectively: 
• The odds ratio of a positive E. coli test when FCU test is positive versus a 
positive E. coli test when the FCU test is negative 
• The odds ratio of a negative E. coli test when FCU test is positive versus a 
negative E. coli test when the FCU test is negative. 
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The results of this comparative analysis are presented in Table 35. 
 
Table 35.  Equivalence measures and associated standard errors for E. coli tests in Hawkesbury 
and Port Stephens estuary respectively (from Ogburn and White, 2009) 
  
Performance Measure Hawkesbury Port Stephens 
Sensitivity 40% ± 7% 20% ± 3% 
Specificity 91% ± 2% 95% ± 3% 
Positive DLR 4.4 4.0 
Negative DLR 0.67 0.85 
 
The oyster E. coli test has a low apparent sensitivity (40 per cent in Hawkesbury 
and 20 per cent in Port Stephens) and a reasonable specificity (91 per cent in 
Hawkesbury and 95 per cent in Port Stephens). The low sensitivity indicates that 
the probability is high of a negative oyster E. coli test when a water FCU test is 
positive and the specificity indicates there is smaller probability of a positive 
oyster E. coli test when water FCU test is negative. Consequently one of the 
assumptions is not met in the indirect determination of sensitivity and specificity 
(Martin et al., 1987). Tests with high sensitivity are appropriate tools for 
diagnosis when probability of a true positive is low and in critical cases such as 
important exotic diseases (Hammell, 1999). Tests with high specificity are 
appropriate where confirmation of previous tests is necessary or where no true 
negative should be misclassified as positive e.g. when large financial losses will 
occur due to misclassification (Hammell, 1999). Clearly a test with high specificity 
is desirable for routine screening for a shellfish program. 
 
Confidence in risk management processes is fundamental for industry support. 
The indicator tests used for managing food safety risk need to be reliable and 
predictable with few surprises. The positive DLR for Port Stephens and 
Hawkesbury indicate that for every 5 oyster E. coli tests conducted when the 
harvest area is deemed open by the FCU water test, approximately 1 oyster meat 
test will test positive. Conversely, the negative DLR indicate that for every for 
every 4 oyster E. coli tests conducted when the harvest area is deemed closed by 
the FCU water test, approximately 1 will test negative. In epidemiological 
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applications a good diagnostic test ideally has a positive DLR greater than 10 and 
a negative DLR less than 0.1 (Hodgson and Tannock, 2005). 
 
9.8.7   Calculating Agreement between the Two Diagnostic Tests 
Comparison of the two diagnostic tests was also measured by the quotient called 
kappa (κ). Kappa scores are a measure of the agreement beyond chance divided 
by the maximum chance agreement (Cohen, 1960). κ -scores have been 
calculated separately for each of the 8 data sets and as a combined total score 
and are presented in Table 36. 
Table 36.  Computation of kappa as a measure of agreement between the two diagnostic tests 
(Oyster E. coli and Water FCU) in different data sets (from Ogburn and White, 2009) 
Location κ Location κ 
Hawkesbury ‘Open’ 0.25 Tilligerry 0.20 
Hawkesbury ‘Closed’ 0.31 Pindimar 0.21 
Cromarty 0.37 Corrie Island 0.13 
Manning 0.41 Port Stephens ‘'Open’ 0.14 
  Total 0.34 
 
Agreement between the two tests varied among data sets (0.14 < κ < 0.41) and 
all were less than 0.5. The κ-score for the combined 8 data sets (n = 1065) was 
0.34 indicating that the inter-test agreement is low. 
 
9.9   Key Findings of Food Safety Indicators 
1. Both graphical representation of pairs of observations of the two tests, 
where a ‘pair’ is an oyster flesh E. coli count and FCU count on water 
sample from nearby at the same time, and formal estimation of the 
correlation coefficient (r2 = 0.21 and n = 1875) indicate that the two tests 
are poorly related. This poor agreement between the two tests is 
reflected in the low range of κ-scores 0.14 < κ < 0.41 determined in three 
estuaries in the NSW central coast (n total = 1065). 
2. Calculation of sensitivity and specificity for the E. coli test gave a low 
sensitivity estimate indicating that the probability of an oyster E. coli test 
being negative when a water FCU test is positive is high. 
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3. Calculation of the diagnostic likelihood ratios revealed that for every 4 
oyster E. coli tests conducted when the harvest area is deemed closed by 
the FCU water test, approximately 1 will test negative. Conversely, for 
every 5 oyster E. coli tests conducted when the harvest area is deemed 
open by the FCU water test, approximately 1 will test positive. A 
substantial unexplained systematic error is occurring in the test. This 
results in disruption to trade including closures and product recall. 
4. The FCU water test is highly correlated with rainfall and salinity as would 
be expected. In certain cases seasonal trends (indicated by water 
temperature) are also apparent. Conversely, the oyster E. coli test is 
poorly correlated with these environmental covariates.  
5. Determination of the temporal variability of FCU, in Zones used in the 
NSW Shellfish Program, during dry and rain periods could be used to 
place an upper limit on what might be an acceptable increase in FCU, for 
risk assessment  purposes. 
 
There could be several reasons for the poor correspondence between these 
tests. In periods of high rainfall when FCU’s are elevated, estuarine waters are 
fresh and physiologically hostile to oysters.  S. glomerata is remarkable in that it 
is capable of remaining closed for up to three weeks if conditions are sub optimal 
(Oyster Culture Commission, 1877). As well, positive oyster E. coli could come 
from bird faecal materials as birds tend to perch on oyster infrastructure. Finally 
the sampling, handling, transport and analysis of oyster meat samples appear 
more problematic than those involved in water samples. 
 
By testing a small subset of the total ‘population’, both oyster meat and water 
diagnostic tests make an inference about all oysters and the water in the locality 
(Zone) where the testing is done. In veterinary epidemiological terms this is 
known as ‘herd testing’. In the water test, an integrative environmental indicator 
is used to infer the quality of the harvest area; in the oyster test a direct 
inference is made on the oyster population as a whole by sub-sampling. The 
  221 
source of sampling error at the level of the ‘oyster lease’ and ‘water sampling 
zone’ is part of the systematic error of the ‘herd test’.  
 
The results of the analyses presented here indicate that the current monitoring 
program using meat testing has considerable systematic error that has not been 
identified in the NSW Shellfish Program. The comparative performance of the 
environmental test for Water FCU with the oyster E. coli test suggests that there 
are significant performance differences between the tests. The fact that the FCU 
water tests were correlated with environmental parameters, local rainfall, 
salinity and water temperature, as expected, while the oyster meat E. coli tests 
were not suggests the former has some credibility. The oyster meat test tacitly 
assumes that the oysters retain E. coli following high run-off events when the 
water column may have cleared. The results demonstrate that even during 
extended low rainfall periods, the probability of getting a positive oyster meat E. 
coli test when the water FCU test was negative was at least 1 in 5 meat tests and 
seemingly random in occurrence. 
 
Sampling, handling and laboratory errors as well as possible confounding factors 
such as contamination from birds should be examined for contribution to 
systematic errors in this test. Oyster condition, presence / absence of mudworm, 
and bird roosts on leases are possible confounders that could be investigated. 
 
The focus of the shellfish program is on the quality / suitability of the harvest 
area. The results of these analyses suggest that the Water FCU test, as adopted 
by the NSSP and ASQAP, provides a more reliable measure of exposure of oysters 
to faecal pollution than the combined dual testing of oyster meat and water 
adopted by the NSW Shellfish Program. 
 
The routine dual use of indicators in harvest management in the NSW Shellfish 
Program results in frequent uncertainty. This creates significant unpredictability 
in trade and major costs. In turn, this uncertainty and cost result in levels of 
commercial risk that could be unsustainable. The study highlights the need for 
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the performance of tests to be appraised in shellfish quality assurance programs. 
In so doing it may be possible to maintain public health standards while 
minimising unnecessary and costly disruptions in the trade of fresh oysters. 
 
9.10   Viral Pathogens 
Hepatitis A and small round structured viruses (SRSV) including Norwalk (Noro) 
like virus (NLV), have been well documented as causes of major outbreaks of 
illness in humans following consumption of contaminated oysters (Sheih et al., 
2000) including several incidents in the NSW oyster industry (Cox and Dorairaj, 
2002a). Epidemiological evidence suggests that human enteric viruses, principally 
NLVs and Hepatitis A virus, are now the most common aetiological agents 
transmitted by bivalve shellfish (Lees, 2000). 
 
 In the vast majority of cases, viruses infectious to humans are contained only in 
human faecal waste. While faecal waste from other animals does contain viruses, 
these are not generally pathogenic to humans (Dorairaj and Miller, 2001). 
Human gastrointestinal (enteric) viruses are released with excreta, thereafter 
awaiting a new host cell to infect. Viruses exist in the environment as non-
replicating particles called virions. Waterborne viruses can only replicate by 
infecting a host cell with their genes, causing the host to generate more viruses 
(Dorairaj and Miller, 2001). There are over 140 human enteric viruses that can be 
present in wastewater. Table 37 lists the major groups of these pathogenic 
human viruses and the symptoms of infection. It is worth noting that the virus 
particle size ranges from 20–300 nanometres in diameter (Dorairaj and Miller, 
2001), which is at least 300 times smaller than typical phytoplankton cell sizes 
retained by oysters. 
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Table 37.  Major Human Enteric Viruses found in Wastewater and the Symptoms of Illness 
(after Dorairaj and Miller, 2001) 
Organism Symptoms of Illness due to Infection 
Adenovirus Respiratory illness, conjunctivitis, vomiting, diarrhoea 
Astrovirus Vomiting, diarrhoea 
Calcivirus Vomiting, diarrhoea 
Coronavirus Vomiting, diarrhoea 
Enterovirus- Poliovirus Paralysis, meningitis, fever 
Enterovirus- Coxsackie A Meningitis, fever, herpangina, respiratory illness 
Enterovirus- Coxsackie B Myocarditis, congenital heart anomalies, rash, fever, 
meningitis, respiratory illness, pleurodynia 
Enterovirus-Echovirus  Meningitis, encephalitis, respiratory illness, rash, 
diarrhoea, fever 
Enterovirus 68-71  Meningitis, encephalitis, respiratory illness, acute 
haemorrhagic conjunctivitis, fever 
Hepatitis A virus Infectious hepatitis 
Hepatitis E virus Hepatitis 
Norwalk (Noro) virus Epidemic vomiting or diarrhoea 
Reovirus Not clearly established 
Rotavirus Diarrhoea, vomiting 
Small round viruses Diarrhoea, vomiting 
 
9.11   Viral Risk Assessment 
A fundamental problem with the use of bacterial indicators for enteric viruses is 
the difference between inactivation rates of the two organisms in the marine 
environment. Protozoan grazing is the most important factor responsible for 
bacterial mortality in seawater (McManus et al., 1988; Pace, 1988; Garcia-Lara et 
al., 1991). The viability of the potentially infectious agents, enteric viruses, 
compared to commonly used indicator bacteria such as E. coli or general faecal 
coliforms, is an important issue. Viruses survive longer in seawater than do 
bacteria (Gerba and Goyal, 1988; Birch and Gust, 1989), partly because many are 
adsorbed onto particulate matter. They are also more likely to survive sewage 
treatment processes than are bacteria (Feachem et al., 1982). Seyfried et al. 
(1984) found that, after sewage treatment, 40 per cent of chlorinated effluent 
samples contained viruses.  
 
Many studies have shown the inadequacy of faecal indicators to predict the 
presence of infectious viruses in marine waters (Henshilwood et al., 1998; 
Guyader et al., 1998; Griffin et al., 2001; Wetz et al., 2004). Coliforms and 
  224 
enterococci levels are not good indicators of viral loads in oysters or the 
environment, and are poorly correlated with viral loads (Cox and Dorairaj, 
2002b). Faecal indicators are unable to predict the presence of infectious viruses, 
particularly in the tropics and subtropics (Griffin et al., 2001). In America, 
enteroviruses were detected in over 40 per cent of waters deemed safe for 
recreational use by faecal coliform standards (Gerba et al., 1979). The use of 
molecular techniques for direct detection of enteric viruses in oysters has also 
been considered as a routine analysis for shellfish monitoring programs (Sobsey 
et al., 1998; Barardi et al., 1999; Green and Lewis, 1999; Toze, 1999; Guyader et 
al., 2000; Noble and Fuhrman, 2001; Jiang et al., 2001; Schvoerer et al., 2001). A 
positive result may, however, be suggestive of past contamination but not of 
infectious potential or of health risk since molecular techniques cannot 
distinguish between viable viruses and non-viable parts of viruses.  
 
The use of male specific coliphages (MSC) tested in the flesh of shellfish was 
advocated as an alternative indicator in America (ISSC, 2009). They are indicators 
of faecal pollution that are cheap and easily detectable using standardised US 
EPA approved culture-based methods, provide faecal source information (human 
/ non-human), and are related in size, shape and survival characteristics to viral 
pathogens of public health concern: Hepatitis A virus, norovirus and 
enteroviruses (Sobsey et al., 2005). The MSC group is not reliably detected in 
fresh human waste, small point sources, vessel discharges and vomit, all of which 
can transmit viral pathogens (Dore and Lees, 1995). Therefore, it is not proposed 
as an index of enteric viral pathogens from these sources. Nonetheless, MSC are 
considered a useful alternative indicator for signalling the presence of sewage 
contamination in shellfish, and provide a science-based means for determining 
whether shellfish areas are safe from viral pathogens, such as noroviruses and 
Hepatitis A viruses, following sewage contamination events (ISSC, 2009). It was 
proposed that MSC can be used as an alternative to the standard 3-week period 
for reopening shellfish areas to harvest activities after a sewage contamination 
event causes emergency closure. This reopening option is based upon analytical 
results from shellfish samples collected at least 7 days after contamination has 
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ceased and from representative locations in the growing area, whereby no 
samples exceed background levels or a level of 50 MSC per 100 grams (ISSC, 
2009). 
9.11.1 Persistence of Pathogenic Viruses in Estuaries 
Patti et al. (1987) showed that Hepatitis A suspended in untreated estuarine 
water lost three orders of magnitude of infectivity over five days. Over the same 
period, only one and a half orders of magnitude of infectivity was lost when 
boiling had been used to inactivate most of the biota. There was no loss of virus 
infectivity when the water had been autoclaved. This suggests that raw seawater 
has virucidal properties. Wetz et al. (2004), in a study of poliovirus inactivation, 
found it took 4 days to reduce infective plaque forming units (PFU) by 99 per 
cent in unfiltered, UV irradiated seawater. The conclusion was that the high 
decay rate was due to factors biological – in this experiment the release of 
cellular products after UV irradiation. They found that particulates in seawater 
and decreasing water temperature had a negative effect on virus viability and 
the stability of RNA. They suggested that enterovirus RNA detected by direct RT–
PCR34 in the marine environment may be associated with either high titres or a 
recent deposition of virus and therefore could indicate a health risk similar to a 
cell culture positive result (Wetz et al., 2004). They detected infectious viruses by 
cell culture at 1.26 and 1.13 PFU (100 L)-1, when FCU were below detectable 
limits (< 2 per 100 ml) (Wetz et al., 2004). 
 
Marine sediments play a major role in the survival and distribution of both 
pathogenic enteric viruses and bacteria. The final resting place of wastewater-
associated enteric viruses is the bottom sediments. Once introduced into the 
water column, viruses rapidly adsorb to both organic and inorganic particulates 
and settle to the bottom becoming an integral part of bottom sediments by 
adsorption to sediment particles, which prolongs their persistence (Dorairaj and 
Miller, 2001). Although the settling process removes viruses from the water 
column, it does not cause inactivation of those viruses. The lack of inactivation 
means the viruses associated with these sediments retain their infectivity and 
                                            
34  Reverse transcriptase polymerase chain reaction. 
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can cause disease if brought into contact with humans particularly through 
resuspension. Virus-laden particulates accumulate in the upper layers of bottom 
sediments and are concentrated at much higher levels than overlying water. 
Sediments protective to viruses have been reported to contain 10 to 10,000 
times more viruses per unit volume than overlying water (Vasconcelos, 2001). 
Marine sediments therefore represent the most important reservoir of viruses in 
estuaries, contributing to the long-term survival, transport and potential uptake 
by bottom-dwelling finfish and shellfish. Viruses entering the oyster gut were 
found to pass out of the oyster along with other waste products, with their 
infectivity intact (Hamblet et al., 1969). Re-contamination of the water column 
can often occur during certain conditions such as flood river flows, strong winds, 
storms, or activities such as dredging. All these natural and human based 
activities can lead to resuspension of virus-laden particulates and transport to 
other locations away from the original point source outfall (Nielsen and Miller, 
2001).  
 
Not only do viruses persist in marine sediments for long periods of time, they 
also tend to remain viable and infectious while attached to particulate matter. If 
particle-bound viruses remain infectious for extended periods, their 
resuspension and hydro-transport could serve as a major vehicle for virus 
dissemination to nearby shellfish beds. This viral resuspension process may have 
been a factor in Quibray Bay (Georges River) during the 1978–1979 oyster food 
poisoning incidents. At the time, Quibray Bay received significant raw sewage 
contamination. Farmers reported recurrent seasonal food safety problems from 
oysters harvested from oyster leases that were facing south-westerly fetch 
during or following seasonal strong south-westerly winds in winter months 
(Depuration Review Committee Minutes, 1978–1980).  
 
Viruses generally adsorbed to sediment particles appear to remain viable longer 
than faecal coliforms and other surrogate indicator bacteria. These differences in 
survival may help explain the continual low-level isolation of viruses from oysters 
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collected from approved growing areas, which meet present faecal coliform 
regulatory standards (Vasconcelos, 2001).  
9.11.2 Viral Risk Assessment Model for Oyster Growing Areas 
The most important biological attribute for a faecal indicator is a strong 
quantitative relationship between indicator concentration and the degree of 
public health risk. Because of recognised limitations in solely relying on faecal 
bacteria indicators, discussed above, the assessment of oyster growing areas 
must emphasise the use of a quantitatively supported viral risk assessment. In 
Chapter 2, it was suggested that risk assessment, based on principles within 
AS/NZS ISO 31000 (Standards Australia, 2009), is an appropriate approach for 
assessing biosecurity risks in NSW estuaries. These principles were used in this 
work to develop a viral risk assessment (VRA) model for oyster growing areas in 
NSW. A component framework, using this approach, is presented in Figure 56 
and was developed in conjunction with Evan Sergeant, Ausvet Animal Health 
Services (Sergeant, 2004). 
9.11.3 Results of VRA Model for Woolooware Bay, Georges River 
The VRA model above was used to evaluate a proposal to re-establish oyster 
leases, stocked with triploid  C. gigas , in Woolooware Bay, Georges River. The 
area was renowned for oyster growing until a QX outbreak in the early 1990s led 
to collapse of the oyster industry. While a number of potential vectors were 
considered, such as groundwater seepage (Anderson et al., 2002), the VRA 
focused on semi-quantitative modelling of impacts of sewerage overflows from 
various known discharges in the estuary. A summary of the outcomes of the risk 
assessment is presented in Table 38. The VRA identified a very high ongoing risk 
of human enteric virus contamination of farmed oysters in Woolooware Bay, 
particularly the risk of viral adsorption and resuspension, discussed in the 
previous section. Given that the costs of rectifying this potential risk would be 
very significant and difficult as it involved major urban sewage trunk lines, it is 
unlikely that a cost benefit analysis would justify remediation in the short-term. 
The VRA model was able to predict the likely number and length of harvest 
closures in Woolooware under the present conditions. 
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Figure 56.  Factors contributing to risk of contamination with human enteric viruses in estuarine 
waters, and potential data sources that could contribute to a formal assessment of 
risk. Virology includes meat, water and sediment testing (Sergeant and Ogburn, 
unpubl.) 
Consequently, the proponent then developed an alternative farm model that 
incorporated an oyster relay component to a safer area in adjacent Quibray Bay 
for at least 60 days prior to harvest. 
Table 38.  Summary of overall risk posed by the various sources of human enteric viruses for 
oysters in Woolooware Bay  
Source Frequency 
Risk 
Magnitude 
Risk 
Overall Risk 
Stormwater outflows Very high Moderate Very high 
Sewerage overflows into Woolooware Bay Very high Very high Very high 
Sewerage overflows into Cooks and Georges 
Rivers 
Low Moderate Low 
Groundwater Very Low Very Low Very Low 
Marine Low Very Low Very Low 
Re-entrained sediment High Moderate High 
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9.12   Oysters in Context of Food Safety Risks in Australia 
The credible range of gastroenteritis cases in Australia that may be due to food 
each year is between 4 and 6.9 million cases (OzFoodNet Working Group, 2003), 
costing the community nearly $3 billion through lost earnings and ensuing 
medical expenses. In NSW alone, the incidence of food poisoning in 2002 was 
estimated to be over 1 million cases, costing the community some $765 million 
in total (Miletic, 2004). Oysters appear to not be involved in any of these latter 
cases, yet they are frequently highlighted publicly as a high-risk product. While 
food safety incidents involving ‘outbreaks’ may attract media attention and 
cause community concern, sporadic cases of food borne disease far outweigh the 
number associated with ‘outbreaks’ (OzFoodNet Working Group, 2003). 
Regardless of relative risk for consumers, outbreaks due to bivalves may have a 
larger impact in the media and on the public perception of risk due to these 
higher numbers per outbreak. Community perceptions about the safety as 
opposed to risk and healthiness of eating oysters affect markets.  
 
9.13   Conclusion 
Results of Chapter 9 demonstrate that policy based on a risk assessment 
framework optimise outcomes for strategic management of the NSW oyster 
industry. To a large extent the historical absence of a risk assessment framework 
with respect to food safety in the NSW oyster industry resulted in events with 
massive adverse consequences for consumers and the NSW oyster industry. In 
the Georges River, despite clear evidence of risk nothing was done until a major 
norovirus outbreak in 1978 which resulted in the introduction of mandatory 
depuration and a harvest salinity threshold as essentially the only measures to 
manage food safety risk in the NSW oyster industry. During the ‘depuration era’ 
the industry was also cautious about publicity on water quality issues opting to 
stay ‘below the radar’, wary of discussing the water quality issues in catchments, 
fearful of perceptions that media attention may create about their product. In 
spite of repeated oyster related food safety events in NSW and growing 
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international scientific evidence of the inability of depuration to effectively 
remove pathogenic faecal viruses from oysters, the development of a risk 
assessment based policy with emphasis on protecting public health directed 
towards the quality of the oyster harvest area rather than the oyster was not 
adopted in NSW until a major Hepatitis A outbreak resulting from consumption 
of contaminated depurated oysters in 1997. Depuration is still a mandatory 
requirement in many oyster harvest areas in NSW. 
  
The results in Chapter 9 suggest that the Water FCU test provides a more reliable 
measure of exposure of oysters to faecal pollution than the combined dual 
testing of oyster meat and water required by the NSW Shellfish Program. The 
dual testing requirement results in routine uncertainty with significant potential 
impact on NSW oyster industry objectives.  
 
AS/NZS ISO 31000 (Standards Australia, 2009) establishes a framework wherein 
risk assessment is the initial predictive component and monitoring is the 
detection component, which informs the prediction process. The framework also 
ensures that information about risk derived from the risk management process is 
adequately reported and used as a basis for decision-making and accountability 
at all relevant levels integrated through continuous improvement. Whether this 
has been the case in relation to evolution of food safety policy for the NSW 
oyster industry is a moot point. 
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CHAPTER 10 – POTENTIAL IMPACTS OF THE OYSTER INDUSTRY  
 
10.1   Introduction 
A key motivation for this study is that the NSW oyster industry is a risk indicator of 
sustainable coastal catchment policy and practice (Ogburn, 1999). To validate this 
premise the industry also needs to ‘walk the talk’. Chapter 10 investigates key 
potential social, economic and environmental risks of the oyster industry. This is 
important in developing a sustainable risk-based framework for planning and 
managing oyster farming areas. Section 10.2 examines the objectives of sustainable 
development. Sections 10.3 to 10.5 examine key social impact risks and environmental 
risks arising from the NSW oyster industry. A particular focus on oyster lease 
maintenance is then developed using risk assessment and results of introduced risk 
management measures are reported as part of the overall management framework 
established in this work. 
 
10.2   Sustainable Development 
The United Nations Commission on Environment and Development (UNCED), founded 
in the late 1980s, defined sustainable development (known as the Brundtland 
definition) as: 
… development that meets the needs of the present without compromising 
the ability of future generations to meet their own needs (WCED, 1987)  
 
This definition of sustainable development, now commonly cited as a definition of 
sustainability as a whole, presupposes the necessity of development rather than 
focusing on strategies for the maintenance of present conditions, and consequently 
concentrates on areas in which development is most important (McKenzie, 2004). 
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The term ecologically sustainable development (ESD) was adopted in Australia to 
emphasise the importance of the environment to long-term survival, and to ensure 
that there was a balanced approach in dealing with environmental, social and 
economic issues (Fletcher et al., 2004). It was defined as:  
… using, conserving and enhancing the community’s resources so that 
ecological processes, on which life depends, are maintained, and the total 
quality of life, now and in the future, can be increased (COAG, 1992)  
 
Five themes are contained in the overarching hypothesis that the economic, social, 
cultural and environmental sustainability of the NSW oyster industry requires a 
historically- and scientifically-based framework for selecting and managing oyster 
farming areas. The expression ‘triple bottom line’, developed to describe a mode of 
corporate reporting (Elkington, 1999), encompasses environmental and social as well 
as economic concerns and is now also used widely in discussions of sustainability. It 
highlights that it is not possible to achieve a desired level of ecological or social or 
economic sustainability separately, without achieving at least a basic level of all three 
forms of sustainability, simultaneously (Elkington, 1999). From its inception, the 
concept of environmental sustainability meant considering the economic impacts of 
decisions on resource use and allocation. The formulation of ‘good’ environmental 
policy requires integration of risk assessment as a tool and sustainable development as 
a principle. Although risk assessment is not normally understood in this way, it is 
essential that the links with sustainable development be made stronger or more 
obvious to promote better, fairer, more equitable and timelier environmental policy 
(Mehta, 1997). 
 
10.3   Social Impact Assessment 
Social sustainability is far more difficult to quantify than economic growth or 
environmental impact and consequently it is the most neglected element of triple 
bottom line reporting. Furthermore, all-purpose indicators of social sustainability are 
too general to be useful, so specific indicators need to be developed for particular 
circumstances (McKenzie, 2004). Social sustainability means maintaining social capital. 
Social capital is the mutual reciprocity and mutual trust that exists among citizens. It 
enhances the community’s ability to manage the financial, manufactured and human 
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capital (Allen, 1995). As noted in Chapter 2, risk assessment needs a structure that 
ensures the integration of technical expertise, regulatory requirements and public 
values. Decisions on risk need to reflect effective regulation, efficient use of resources, 
legitimate means of action and social acceptability.  
 
Social Impact Assessment (SIA) is the process of analysing and managing both the 
intended and unintended consequences on the human environment of planned 
interventions, such as policies, programs, plans and projects, to bring about a more 
sustainable and equitable biophysical and human environment. One of the features of 
SIA is its role in protecting individual property rights, with clear statements of adverse 
impacts required to ensure that individual rights are not transgressed (Vanclay, 2003). 
SIA also considers maximising social utility and development potential, at the same 
time ensuring development is equitable, sustainable and generally acceptable to the 
community.  
 
Ongoing construction of coastal freeways in NSW has greatly increased accessibility to 
coastal estuaries from major cities. This has led to rapid increases in single family 
residences without permanent occupancy, in coastal areas classified as waterfront or 
water view. These are among the most valuable residential properties in rural NSW. 
Many NSW oyster-growing areas that have been in existence for over a century are 
directly adjacent to these new suburban developments, service based businesses and 
seasonal tourist enterprises. In a similar coastal development in Barnstable County, 
America, over 50 per cent of the population is near or in retirement. Merging the 
needs of the population, geographic realities, and environmental requirements of the 
shellfish resource into a plan accepted by the residents and industry is daunting, but 
town planners there have recognised that the environment is the county’s economy 
and must be protected (Macfarlane, 1997b). 
 
A recent study of community perceptions of Australian aquaculture (Mazur et al., 
2004) suggested that in the fisheries sector overall, there has been low awareness of 
the need for social assessments. The study outlines the perceived challenges for 
aquaculture (see Figure 57). There has been increased recognition and use of these 
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kinds of analyses, particularly for identifying the implications of changes to fisheries 
activities (Mazur et. al., 2004). The authors suggested that in order for governments 
and the aquaculture industry to prevent and / or respond to differences of opinion and 
historic, present, or future conflicts relating to aquaculture, it is important to have 
sound, comprehensive and timely information on the social dimensions of aquaculture 
and effective strategies for public communications and engagement programs. 
Without them, there is a considerably greater risk of failed project approvals, policy / 
procedural changes, substantial time delays, loss of resources, social conflict and / or 
decreased public confidence and support (Mazur et al., 2004). 
 
 
Figure 57.  Perceived challenges associated with aquaculture (From Mazur et al., 2004) 
 
10.3.1 Amenity  
The present oyster lease areas in NSW have been in place for at least several decades 
and some have been used for over a century. The oyster industry is an important 
contributor to local employment and wealth generation by many small regional coastal 
economies and provides an important cultural and symbolic link to NSW estuaries 
(White, 2001). The rapid increase in recreational activities in estuaries and 
urbanisation of estuarine foreshore areas in NSW, particularly during the last two 
decades, has meant greater scrutiny of oyster farming activities in various estuary 
locations. 
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Management of oyster leasing operations, and mitigation of offsite effects, will remain 
effective only if information is obtained systematically from local communities and 
used as an integral part of oyster lease assessment and evaluation. The use of local 
knowledge is essential for effective monitoring, evaluation and continuous 
improvement (Baines et al., 2003).  
 
Up until the mid-1980s, most oyster leases in NSW were formally allocated as a length 
of foreshore and the lessee was entitled to farm from the high water mark, usually for 
a perpendicular distance of 200 yards from the foreshore boundary. Partly as a result 
of lobbying by Port Stephens oyster farmers, who believed that the shallower 
foreshore areas were no longer suitable for oyster cultivation probably as a result of 
estuary overstocking (B. Philipps, personal communication, May 2004), some 
foreshore oyster leases in Port Stephens were moved 30 metres seaward from the 
high water mark in the mid-1980s. This also served to reduce the proximity of oyster 
leases to expanding numbers of urban dwellings. Further consideration of proximity to 
residential dwellings, and other land use zonings, may be needed in a more current 
and ongoing suitability assessment framework under OISAS (NSW DPI, 2006). Aspects 
of amenity that need to be considered in assessing the location and activities of oyster 
leases include ease of navigation, foreshore access, proximity to recreational 
swimming areas, public boat ramps and wharves, noise control, as well as aesthetic 
and safety concerns. 
10.3.2 Risk to Landscape Aesthetics 
The landscape character and visual amenity of oyster leases may vary markedly and 
impacts on amenity may be significant, with both positive and negative qualities 
(O’Hanlon, 2004). Although oyster leases in most NSW estuaries have preceded much 
of the housing development that has occurred in bordering foreshore areas, 
continuing development pressures and intensified recreational boating activities have 
introduced greater numbers of potential viewers to estuaries. Visual amenity of 
estuarine landscapes is increasingly valued in the community. While NSW coastline is 
relatively extensive, its estuaries are often small in scale and desired for a range of 
uses. Oyster leases are accessed by water, and therefore can exist in relatively remote 
areas that border onto areas now classified to be of scenic or natural significance such 
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as National Parks. As part of the overall assessment of oyster leases generally, visual 
amenity of individual lease areas, their contribution to the landscape character, and 
visual suitability for sustainable continued use is an important consideration. While 
oyster leases, including ancillary land based facilities, need not be hidden from view, 
they should be well enough designed with broad social, economic, cultural and 
environmental needs in mind to fit in with the surrounding character and contribute to 
a lived-in landscape (Scottish Natural Heritage, 2000).  
 
10.4   Cultural Values and the NSW Oyster Industry 
The NSW estuaries, created over the last 6,000 years due to eustatic changes in sea 
level on the often-rugged topography of the state’s coastline, have a distinct and 
unique landscape. Chapter 5 presented evidence that suggested the oyster industry is 
the oldest extant farming sector in Australia. It predates European arrival by at least 
2,000 years B.P. The oyster fishery has been a part of NSW coastal communities for a 
very long time. This includes the era following European arrival. Consequently many of 
these small coastal communities have several generations of families that have been 
part of the NSW oyster industry. Oyster farming is an integral element in the history 
and culture of many of these NSW coastal settlements. Many leases have a long 
historical association with towns and villages and not only define areas of the 
waterway but the associated shore based infrastructure delineates areas of 
community use and landscape character. Some sections of the estuary are contextually 
defined by the lease infrastructure. Their character is established and contributes to 
the historical heritage of a community. Consequently the NSW oyster industry 
contributes to the cultural values of these communities and provides a unique 
experience for community members and visitors. Cultural values identify those objects, 
conditions or characteristics that members of the community consider important. 
These values need to be protected and hopefully handed down to future generations 
as part of the heritage of a community. 
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10.4.1 Aboriginal Communities  
Coastal Aboriginal communities have a particular link with the oyster fishery as noted 
in Chapter 5. Fishing has been an important source of food, a basis for trade and an 
important part of cultural and ceremonial life. Traditionally, Aboriginal fishers had 
responsibility for providing not just for themselves but also for family and community. 
These cultural expectations continue in Aboriginal communities today.  
 
The NSW Indigenous Fisheries Strategy marked a major step in developing ways to 
manage Indigenous fisheries in the state (NSW DPI, 2005). The strategy seeks to: 
protect and enhance the traditional cultural fishing activities of Aboriginal 
communities, and ensure Aboriginal involvement in the stewardship of 
fisheries resources (NSW DPI, 2005)  
 
The success of this plan in managing Indigenous fisheries issues and enabling other 
sectors to adjust to them will depend on incorporation of Indigenous fisheries 
considerations in policy and management decisions. It also requires reliable and 
accurate information about such things as Indigenous harvest rates and cultural, 
spiritual and traditional values of traditional target species. In particular, the strategy 
seeks to build Indigenous participation in commercial and recreational fisheries and 
aquaculture enterprises and the seafood sector in general. The NSW Indigenous 
Fisheries Strategy is based on four ‘key platforms’, which the NSW Aboriginal Land 
Council has stated must be central to future NSW fisheries planning. 
 
• Respect – philosophical and practical recognition of the traditional and cultural 
fishing heritage of Aboriginal people and communities, including their access to 
and use of the fisheries resource 
• Engagement – involvement of Aboriginal communities with management and 
custodianship of resources in keeping with their traditional cultural roles 
• Social and Economic Development – Aboriginal people and communities having 
access to economic opportunities in established and emerging fishing and 
aquaculture industries 
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• Employment – Aboriginal people and communities accessing employment and 
training opportunities in resource management and in the fishing and 
aquaculture industries. 
 
In the NSW aquaculture industry cultural identification has been optional in Annual 
Production return forms from aquaculture permit holders since 2003. In 2003 these 
optional returns indicated that there were 25 full-time and 35 part-time Indigenous 
people in the NSW oyster industry. This represents over 10 per cent of the NSW oyster 
industry. Concerted efforts have been made to establish a model oyster farm with the 
Bodalla Aboriginal Land Council at Narooma to serve as a potential model for the 
possibilities and advantages of a community approach to oyster farming (Cecil Stuart, 
Bodalla Land Council, personal communication, September 2004). 
 
10.5   Environmental Risk Assessment of the Oyster Fishery 
Opposition to the expansion of shellfish farming is increasing in some community 
sectors, due to concern about potential or perceived conflicts with urban 
development, the tourism industry, coastal urbanisation, and in some cases 
environmental degradation (Kaiser et al., 1998). Local impacts may vary significantly. 
The extent and level of potential impacts are dependent on farming density and 
intensity, production system used, and habitat or locale in which the leases are 
located. Kaiser et al. (1998) reported that potential negative impacts of bivalve 
aquaculture include: 
• benthic habitat degradation arising from shading, nutrient discharge, shell 
washing and infrastructure cleaning 
• removal of food for other filter feeders through phytoplankton filtering 
• spread of introduced marine organisms through movement of shellfish 
between farms 
• impact on amenity, access and visual pollution. 
 
  
  239 
The physical effects of oyster farming are also dependent on location. Positive and 
negative physical effects include: 
• altered water currents and movement of sediments 
• shading of marine floor 
• impact on amenity values including reduced area for multiple use 
• constraint on private wharf construction and boat moorings in urbanising 
foreshore areas 
• reduced visual amenity and noise 
• abandoned and derelict lease infrastructure 
• potential hazards to navigation and recreation 
• improved recreational fishing opportunities 
• stabilisation of foreshore areas from longshore erosion 
• protection of seagrass in oyster lease areas from boating and recreational 
impacts. 
10.5.1 Risk to Benthic Habitat 
An important impact of shellfish farming is the intensive biodeposition of the faeces 
and pseudo-faeces that can modify the physical and chemical characteristics of the 
benthic environment as they accumulate in the bottom sediments (Kaspar et al., 1985; 
Gilbert et al., 1997; Mirto et al., 2000). A wide variety of negative effects have been 
reported for shellfish farming in certain regions internationally, because of potential 
severe organic matter accumulation and the subsequent production of reducing 
conditions in the upper sediments beneath the shellfish culture (Kaiser et al., 1998; 
Mirto et al., 2000; Kawaguchi et al., 2004). This in turn can affect benthic biodiversity 
and community structure, altering trophic interactions and pathways of energy from 
bacteria and picoeukaryotes (Mirto et al., 2000) to meiofauna and macrofauna 
(Stenton-Dozey et al., 1999). 
 
A number of other studies have reported very low impacts of shellfish farms on the 
benthic environment (Crawford et al., 2003; Danovaro et al., 2004; Lasiak and 
Underwood, 2002). Crawford et al. (2003) undertook a study of benthic effects of 
shellfish farming of three deepwater – 4 to 12 m and average current speed 
approximately 3 to 4 cm·s-1 –  C. gigas  and mussel farms in Tasmania. The farms had 
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similar oyster production rates, averaging 20 tonnes ha-1yr-1 = 2 kg m-2, to that of NSW  
S. glomerata farms. They found no significant difference between on-farm and control 
sites with sediment particle size; sediment deposition rates; redox, sulphide, organic 
carbon and turbidity levels; or benthic infaunal assemblages. They concluded that the 
main effect of shellfish farms on the seabed is from the accumulation of waste shellfish 
and attached algae rather than from the deposition of faeces and pseudo faeces. In 
this instance, shellfish farming had minimal effect on the benthic environment 
(Crawford et al., 2003). 
 
In studies of intertidal oyster leases, water currents were found to be significantly 
reduced in close proximity to oyster trestles, resulting in a doubling of the 
sedimentation rate and an increase in the organic content of underlying sediments. 
These led to a reduction in the depth of the oxygenated layer of sediment (Nugues et 
al., 1996). The changes observed in the benthic fauna were restricted to the area 
immediately below the trestles. Bivalve culture can also be adversely affected by 
biological waste from the culture operation, which accumulates on the seabed under 
the culture35 and impacts growth and survival of the overlying culture (Gosling, 2003). 
 
The impact of oyster culture on the environment appears to be dependent upon 
several factors, including:  
• the culture method 
• the density / biomass of the cultivated shellfish 
• water depth 
• the hydrographical conditions in the area.  
(Danovaro et al., 2004)  
 
At low stocking densities, the effects of intertidal oyster cultivation are relatively 
benign and highly localised (Kaiser et al., 1998). Environmental risk is exacerbated as 
carrying capacity of enclosed systems (see Chapter 6) is approached and the extent of 
                                            
35  This aspect appears to have been poorly studied in active NSW oyster leases. Oyster farmers 
regularly ‘fallow leases’ but it is unclear what the triggers that necessitate this are.  
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cultivated areas is increased (Castel et al., 1989). Careful management and allocation 
of lease bed areas, particularly in restricted flow areas, is therefore warranted. 
 
A study on the benthic habitat within  S. glomerata lease areas in Port Stephens, which 
had been used for over seventy years and then subsequently unused for 5 years, 
reported comparable biodiversity and species abundance to other similar non-oyster 
lease estuarine habitats. The results indicated that there were no ecological 
differences between lease and non-lease areas for the measured benthic fauna, 
epiphytes and seagrass habitat (Umwelt, 2000).  
10.5.2 Risk to Seagrass  
Seagrass beds are characteristic of estuarine environment (Rasmussen, 1977). They 
enhance species diversity (Edgar, 1990) by augmenting both structural habitat 
complexity (Orth et al., 1984) and trophic habitat through supporting epiphytes for 
grazers (Duffy et al., 2003). Seagrass areas also enhance organic matter content by 
increasing sedimentation and in situ degradation of plant material (Edgar, 1990) and 
produce large amounts of organic matter. Depending on species and location, one ha 
of seagrass may produce between 3 to 20 tonnes of dried leaf matter per year (Edgar, 
1990) and are therefore a major source of detrital material in estuarine systems. They 
also reduce predation pressure for juvenile fish and act as a nursery for many marine 
fish species (Orth et al., 1984). Six species of seagrass are found on the NSW coastline 
(West, 1985). These are: 
• Posidonia australis (strapweed) 
• Zostera capricorni 
• Zostera muelleri 
• Heterozostera tasmanica (all in the family Zosteraceae and commonly called 
eelgrass) 
• Halophila ovalis  
• Halophila decipiens (both called paddleweed). 
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P. australis typically occurs in highly marine, protected sandy areas, commonly found 
near the mouths of estuaries. Posidonia is particularly fragile and has not been known 
to recolonise areas from which it has been removed (NSW Fisheries, 1999) and 
attempts to replant Posidonia have largely failed to date. Common negative 
anthropogenic impacts on Posidonia beds are eutrophication, sedimentation, 
dredging, propeller and anchor damage and shading from infrastructure (Francour et 
al., 1999).  
 
A major factor for seagrass decline in estuaries is the eutrophication-induced growth of 
epiphytes on the plant leaves and phytoplankton in the water column resulting in 
lower light level reaching seagrasses (Twilley et al., 1985). Because oysters are filter 
feeders, they consume phytoplankton and thus suppress accumulation of organic 
matter in the water column (Kirby and Miller, 2004). Oysters ‘top-down’ grazer control 
on phytoplankton reduces turbidity and increases the amount of light reaching the 
benthos. This reduces the dominance of phytoplankton production and extends the 
depth to which ecologically important benthic plants, such as seagrasses, can grow 
(Newell and Koch, 2004). Another factor that has the potential to decrease water 
clarity is sediment resuspension. Recent modelling studies predicted that even modest 
levels of oysters (25 g dry tissue m-2) reduced suspended sediment concentrations by 
nearly an order of magnitude (Newell and Koch, 2004). Because of the beneficial 
effects of oysters to seagrass beds, active oyster restoration programs are actively 
being pursued in impacted estuaries in America (Mann, 2000). 
 
Oyster leases may have negative impacts on seagrass due to shading from certain 
types of oyster lease infrastructure such as trays. Physical damage due to farming 
activities (e.g. boat propellers) may also occur. NSW DPI policy states that new 
extensive aquaculture activities (oyster leases) will not be permitted over Posidonia 
beds unless it can be demonstrated that the activity will not have a significant impact 
(NSW Fisheries, 1999). Healthy Posidonia will grow adjacent to and underneath oyster 
lease racks and marked regeneration will occur when trays are removed (Paling and 
van Kreulen, 2003). 
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10.5.3 Seagrass Case Study in Salamander Bay 
Oyster leases may also provide protection to sensitive seagrass areas by restricting 
recreational bait collecting access and boating access with associated propeller and 
anchor damage. Oyster lease infrastructure may also provide wave turbulence 
dissipation and thus improve stability of near shore benthic environments. For 
example, Salamander Bay in Port Stephens, as discussed in Chapter 5, was the major 
oyster catching area for the NSW oyster industry (see Figure 39) up until the mid-
1980s, when feral  C. gigas  were introduced. The subsequent removal of the entire 
oyster lease infrastructure from this area during the last fifteen years has been 
followed by an increase in boating, recreational bait collection (yabby pumping) and 
sediment accretion in the vacant former lease area (DECCW, 2010a). As part of this 
work a GIS based reassessment of the seagrass beds in Salamander Bay was 
conducted. The results suggest that there has been an associated 30 per cent decline 
in Posidonia seagrass area from 27.8 ha in the mid 1980s (West et al., 1985) to 19.1 ha 
in 2004 (F. Dorman, NSW DPI, personal communication, February 2005). This decline is 
contrary to ‘conventional wisdom’ of some estuary managers about the impacts of 
oyster leases on seagrass beds. It is suggested that the oyster leases may have acted as 
a wave dampener, particularly from onshore north-easterly winds during summer. The 
leases appeared to have improved shoreline sediment stability as well as creating a 
natural exclusion zone to recreational boating activities. 
 
10.6   Risk Assessment of Lease Maintenance 
The formulation of ‘good’ environmental policy for the NSW oyster industry requires 
integration of risk assessment as a tool and sustainable development as an objective to 
promote better, fairer, more equitable and timelier environmental policy. Good 
aquaculture practice is the key to ameliorating potential environmental and social 
impacts from oyster farming activities (Ogburn, 2007b). Abandoned or derelict oyster 
leases seriously affect the credibility of oyster farming as a legitimate and 
environmentally sustainable industry in NSW. Derelict leases pose a navigational risk to 
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watercraft, and expose the State to accident liability claims. They also impact 
aesthetics and reduce tourism, recreational and aquaculture opportunities. 
 
An aquaculture compliance audit conducted by NSW DPI in 2003 identified a remaining 
675 ha of untenanted derelict oyster leases in NSW. 43 per cent of these leases 
occurred in Port Stephens, 27 per cent in the Georges River and the remainder in some 
of the other 38 oyster producing estuaries in NSW. These areas were abandoned many 
years previously and former lessees can no longer be pursued for their obligations 
under the Fisheries and Oyster Farm Act, 1935. Prior to legislative changes in 2000, 
when a bond system was introduced for oyster leases in NSW under the Fisheries 
Management Act, 1994, responsibility for cleaning up oyster cultivation material was 
passed to the State as landowner when oyster leases expired, were surrendered or 
cancelled and where clean-up costs could not be recovered from lessees. In most of 
these cases, lessees had their interests discharged under bankruptcy or insolvency 
legislation or were able to demonstrate pecuniary and medical hardship of a severe 
nature. In the case of the Georges River oyster industry, catchment environmental 
impacts beyond the control of farmers led to QX disease outbreak in 1994 (see Chapter 
8) and subsequent decimation of the industry sending the farmers broke. In these 
cases, the NSW State Government had no other option than to fund the lease area 
clean-up. 
 
The NSW Government provided $4.4 million to rehabilitate derelict oyster leases in the 
Georges River and Port Stephens estuaries in 1999/2000. Both projects were 
completed and a total of 517 ha of derelict oyster leases have been restored to public 
water. This was 433 ha in Port Stephens and 84 ha in the Georges River. Approximately 
2,000 tonnes of timber waste were disposed of in the Port Stephens project. In 
addition, sticks and trays were removed from 67 ha in Woolooware Bay in the Georges 
River.  
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10.7   Risk Management Strategy for Lease Maintenance 
A review of oyster lease management in NSW conducted as part of this work in 
conjunction with a consulting group (Lawler and Assoc., 2001) recommended that: 
• in the short-term, lease management should aim at facilitating the clean-up and 
rationalisation of the industry 
• the principle focus when dealing with leases (both current and expired) 
requiring remediation should be on transfer mechanisms and contracted clean-
up, rather than prosecution options 
• leases be migrated from non-productive status to productive status or removed 
from the register of leases; this process be undertaken in campaigns on an 
estuary by estuary basis and supported by public pronouncements 
• panels of pre-qualified contractors, capable of undertaking lease clean-up work, 
be established 
• a comprehensive picture of the commerciality and viability of oyster leases on 
an estuary by estuary basis be developed as a key management tool  
• the development of a publicly available industry information good aquaculture 
practice manual, that sets the standard for compliance inspections  
• the capacity to undertake market testing for transfer of leases, including forced 
transfers of areas through lease cancellation is considered. 
10.7.1 Tracking Compliance Performance  
In a national review Assessing Environmental Regulatory Arrangements for 
Aquaculture (Productivity Commission, 2004) it was noted that there is limited 
reporting and auditing of the performance of regulatory systems across the states. As 
well as potentially improving accountability and transparency, regular reporting may 
help to improve the application of regulation by identifying potential regulatory 
constraints and opportunities for improvements with approval processes. The 
Productivity Commission also noted that enforcement is critical for regulatory 
effectiveness but, in some cases, appeared to suffer from a lack of resources. The 
performance of monitoring and enforcement systems will benefit from regular 
auditing and review (Productivity Commission, 2004).  
  246 
 
10.7.2 Risk-based NSW Aquaculture Compliance Strategy 
A strategy for managing risk in aquaculture compliance was commenced in 2002 as 
part of this work. As noted in Chapter 2, a structure that ensures the integration of 
technical expertise, regulatory requirements and public values needs to be developed 
in risk assessment processes. The decisions on risk need to reflect effective regulation, 
efficient use of resources, legitimate means of action and social acceptability. This 
premise was adopted through NSW oyster industry consultation that was conducted at 
estuary level with selected farmers as well as with the Peak Oyster Advisory Group ( C. 
gigas AG) in the development of the Compliance Strategy. Regional industry 
workshops were then used as a vehicle to promulgate the strategy. The risk 
management system was designed to detect areas that were falling into a derelict 
condition at an early stage so that timely compliance action could be initiated. The key 
components of the Compliance Strategy required a consistent and timely 
management, monitoring, education and enforcement process. These components 
were designed to provide a continuous improvement risk management framework as 
outlined in AS/NZS ISO 31000. The strategy included: 
• a 3-year formal farm / lease inspection process 
• a self compliance condition report completed by the farmer and returned to 
NSW DPI in years when a formal farm / lease inspection is not conducted 
• site checks and audits to confirm compliance information 
• an Oyster Farming Information Guide for farmers 
• the development of a new computer-based system to assist with the 
management of compliance issues 
• revised procedures for dealing with non-compliance including the development 
of penalty notices and administrative penalties for providing false and / or 
misleading information. 
10.7.3 Aquaculture Compliance Risk Management Tools 
This new system aims to maximise voluntary compliance and backs this up with an 
effective enforcement and audit program. Triennial oyster lease inspections across the 
3000 odd oyster leases in NSW are conducted by NSW DPI since the implementation of 
Aquaculture Lease Bonds in 2000. These are reported and recorded in a standardised 
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format.  This ensures consistency in standards and reporting. The standardised 
reporting and database recording includes: 
• permit and lease reports and inspections 
• the annual permit and lease condition report 
• lease transaction condition report 
• work plans developed on a case-by-case basis with farmers to enable an agreed 
timeframe, with milestones, to rectify untidy leases. 
 
Scanning software was developed to enable direct scan download of the reporting 
forms into the database. Pocket Digital Assistant (PDA) devices with ArcPad™ GIS and 
photo capabilities were uploaded with software, including oyster lease GIS maps, to 
enable ease of field reporting by Compliance officers. The PDA can directly download 
into the Aquaculture Compliance Database on return from field inspections (see Figure 
58). The database consists of standard forms, tables, documents, GIS and photo files. 
The implementation of the centralised purpose built Aquaculture Compliance database 
(Microsoft Access™) provided an integrated, centralised, secure and robust system of 
data recording and management. The system allows ease in tracking of Oyster Lease 
Compliance reporting for State, estuary and individual lease and permit holder 
(enterprise) performance. For the first time in the history of the NSW oyster industry, a 
consistent state-wide risk-based compliance program was established. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 58.  PDA system for aquaculture compliance developed as part of the overall management plan 
for the NSW oyster industry 
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10.7.4 Results of Compliance Strategy 
As noted in Chapter 2, the AS/NZS ISO 31000 framework ensures that information 
about risk derived from the risk management process is adequately reported and used 
as a basis for decision-making and accountability at all relevant levels. The reporting 
and tracking capabilities of the Aquaculture Compliance database enabled timely 
follow-up under the processes established by the Compliance Strategy. Reports were 
made available to industry on a quarterly basis and individual follow-up is undertaken 
on a case-by-case basis. A total of 3536 notices were issued to farmers and 395 
individual work plans to clean-up untidy leases were implemented. From June 2003 to 
November 2005, the number of satisfactory leases increased 360 per cent from 476 to 
1706 and the number of unsatisfactory leases decreased 70 per cent from 1719 to 503. 
A total of 398 individual work plans were established with permit holders to rectify 
unsatisfactory leases. 
 
10.8   Conclusion 
Results of Chapter 10 demonstrate that policy based on a risk assessment framework 
optimise outcomes for strategic management of the NSW oyster industry. The NSW 
Aquaculture Compliance Strategy is designed to reduce the likelihood of lease 
maintenance issues arising and establishes robust and timely measures to manage this 
risk. In accordance with the AS/NZS ISO 31000 framework, this policy is based on 
continuous improvement and ensures that information about risk derived from the risk 
management process is adequately reported and used as a basis for decision-making 
and accountability at all relevant levels. The outcome has been a marked improvement 
in lease maintenance performance in NSW. This is a key pillar in developing a 
sustainable management framework for the NSW oyster industry.  
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CHAPTER 11 – PROTECTION OF OYSTER LEASE AREAS 
 
The key motivation for this study is that the NSW oyster industry is a risk indicator of 
sustainable coastal catchment policy and practice (Ogburn, 1999). Previous Chapters 
have identified that it was vulnerable because of the lack of protection and planning 
for oyster growing areas and the absence of a risk assessment framework for timely 
strategic management of the industry. The consequences that have resulted from this 
have been extreme. Chapter 2 suggested that risk assessment is fundamentally 
strategic in its premise and used to develop policy undertaken in direct support of 
specific public or private sector decision-makers who are faced with a decision that 
must be made or a problem that must be resolved. Chapter 11 investigates the 
impediments to protection and planning and develops a planning framework for 
identifying and protecting oyster farming areas in NSW estuaries. 
 
11.1   Economic Benefits of Water Quality Policies 
Until recent decades, the scope of economic benefits arising from improving water 
quality to maintain estuarine fisheries have not been well studied (e.g. Ogburn and 
Ogburn, 1994). One historical major driving force behind the decline in estuarine water 
quality, and consequently associated fisheries, was the inability among economists to 
recognise and value all goods and services produced by this ecosystem (Limburg, 
1999). The ‘services’ of environmental functions can be defined as their possibilities or 
potential to be used by humans for whatever end. ‘Producing’ is defined, in conformity 
with standard economics, as ‘adding value’. Value is added by labour. Environmental 
functions do not produce in this economic sense of the concept, nor are they 
produced. Economically speaking, a fish in the water is not the same good as a fish 
caught. The difference is brought about by the value added by labour. Because we 
ultimately depend on labour and environmental functions, we stand literally empty 
handed if we destroy vital functions. Most functions of natural ecosystems cannot be 
substituted (Hueting et al., 1998). 
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Morgan and Owens (2001) reported on economic benefits of improved water quality in 
Chesapeake Bay (America). Nutrients, especially nitrogen and phosphorus, were the 
dominant parameters assessed in their case study. Benefits were assessed from a 
‘with-without’ perspective. That is, 1996 water quality was compared with what it 
would have been in 1996 without relevant legislation. Total phosphorus decreased 
dramatically from ‘without’ concentrations in all major tributaries and segments of the 
Chesapeake Bay. The estimated value of annual boating, fishing and swimming 
benefits of water quality improvements in the Chesapeake Bay ranged from $357.9 
million to $1.8 billion (Morgan and Owens, 2001). Similar economic studies are needed 
in Australian estuary fisheries to provide a bottom line to the importance of water 
quality policies. 
 
Costanza and Daly (1992) suggest a minimum necessary condition for sustainability is 
the maintenance of the total natural capital stock at or above the current level. The 
risk of allowing further declines in natural capital could be dire. The ‘constancy of total 
natural capital’ rule has been suggested as a prudent minimum condition for assuring 
sustainability, to be relaxed only when solid evidence can be offered that it is safe to 
do so (Costanza and Daly, 1992). As discussed in Chapter 5, the permanent loss of 
subtidal oyster reefs in NSW in the late nineteenth century (Ogburn et al., 2007) 
represents a significant loss of this natural capital. On a world scale humans now use 
about half of the available freshwater on the planet. In 2000 the Council of Australian 
Government estimated that the economic cost of land and water degradation in 
Australia was over $3,500 million per year (Lowe, 2005). Costanza et al. (1997) placed 
estuaries above all other components of wetland services including seagrass, reefs, 
mangroves, lakes and rivers, both in total value, estimated at US$4.1 trillion p.a., and 
relative area value, estimated to be US$22,380 ha-1 p.a.  
 
11.2   Oyster Fishery and Ecosystem Services 
Stopping land borne nutrient and sediment transport into the estuary system is a key 
strategy in restoring water quality. Water quality models can be used to determine the 
targets required to reduce land borne nutrient inputs that will in turn result in lower 
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algal production sufficiently to have a range of positive feedbacks, especially for 
submerged vegetation. A key problem with this scenario is that reducing nutrient 
inputs, as well as preventing erosion and run-off, is often extremely difficult.  
 
Oyster reefs are a vital component of estuarine ecosystems through their consumption 
of phytoplankton and suppression of organic matter accumulation in the water column 
(Kirby and Miller, 2004). Oysters serve a pivotal link in benthic-pelagic coupling 
because they filter suspended particles from the water column and the undigested 
remains, ejected as mucus-bound faeces and pseudo-faeces, sink to the sediment 
surface (Newell, 2004). This ‘top-down’ grazer control on phytoplankton reduces 
turbidity which increases the amount of light reaching the benthos while reducing the 
amount of suspended organic carbon available to stimulate anoxia. This reduces the 
dominance of phytoplankton production and extends the depth to which ecologically 
important benthic plants, such as seagrasses, can grow (Newell and Koch, 2004). The 
disappearance of, or colonization by, large populations of bivalves has been 
concomitant with major reorganizations of near-shore water column communities 
(Newell, 1988; Jackson et al., 2001; Vanderploeg et al., 2002). 
 
Massive oyster reef degradation has been documented in many estuaries along 
continental margins around the world, leading to profound effects on estuarine 
ecology (Kirby, 2004). For instance, oyster stocks are at an all time low in Chesapeake 
Bay due to a combination of ongoing oyster disease epizootics and the filtering rate 
has been reduced to less than 1 per cent. Similar reduction in estuary filtration must 
have occurred, albeit much more quickly, in east coast Australian estuaries following 
the appearance of mudworm and subsequent loss of subtidal oyster reefs (Ogburn et 
al., 2007). In Chapter 6, the computed turnover rate for NSW estuary water in Port 
Stephens filtered by oysters was approximately 15 days, based on maximum average 
sustainable oyster production yields. 
 
The loss of this ecosystem service in various regions may be a crucial factor 
contributing to the reduction in water clarity leading to a severe decline in the areal 
extent of seagrass beds. Chesapeake Bay is a well documented example (Newell and 
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Koch, 2004). Additionally, oyster reefs also alter hydrodynamic conditions, further 
increasing the removal of particulate matter from the water column (Nelson et al., 
2004).  
11.2.1 Restoration of Oyster Populations  
Restoration of oyster populations in estuaries, such as Chesapeake Bay, is increasingly 
considered as part of an overall management strategy in the context of current and 
projected catchment management problems, including nutrient and sediment erosion 
associated with agricultural and urban development (Mann, 2000). Restoration of 
oyster populations has the potential to reduce turbidity and chlorophyll-a 
concentrations in shallow estuaries (Nelson et al., 2004) and facilitate efforts to restore 
seagrasses (Newell and Koch, 2004). Macfarlane (2003) points out that the success of 
oyster restoration projects must take into account factors apart from biological and 
physical factors such as land use and human marine use issues. 
 
Leguerrier et al. (2004) modelled the impact of oyster culture on a mudflat in 
Marrenes-Oléron Bay (France). Their model suggested that an increase in the surface 
area of cultivated oysters caused secondary production to increase, providing food for 
top predators, in particular juvenile nekton, thereby reinforcing the nursery role of the 
mudflat in the ecosystem, and altering the species composition available to the top 
predators. 
 
Restoration objectives have typically included reduction of public health risks through 
improved water quality, especially in harvest areas. For instance, Leonard (1993) noted 
a 30 per cent decline in approved shellfish waters over a 30-year time span in America. 
Direct and indirect ecosystem services such as filtering capacity, benthic-pelagic 
coupling, nutrient dynamics, sediment stabilisation and provision of habitat derived 
from oyster habitat have been largely ignored or underestimated (Coen and 
Luckenbach, 2000). There is good evidence that dense populations of suspension 
feeding shellfish can have a significant impact on basin-wide water quality and 
phytoplankton dynamics (Dame, 1996; Gifford et al., 2005). In studies in the Thau 
Lagoon on the Mediterranean French coast, La Jeunesse and Elliott (2004) determined 
the quantity of phosphorus stored in shellfish annually equates to 8 kg P·ha-1·yr-1 of 
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oyster lease. Mean oyster production levels per hectare (20 T ha-1·yr-1) were similar to 
commercial NSW oyster leases and consequently equivalent phosphorus removal rates 
from farmed oyster leases could be expected in NSW estuaries. The use of pearl 
oysters has been proposed as an environmental remediation tool in coastal 
ecosystems (Gifford et al., 2004). The authors quantified the nitrogen, phosphorus and 
heavy metal content removed from the waters of Port Stephens with each tonne of 
pearl oyster material harvested as approximately 703 g metals, 7452 g nitrogen and 
545 g phosphorus.  
 
An understanding of the dynamic processes by which both mobile and resident species 
use oyster reef habitat, and their consequent importance in the maintenance of 
biodiversity, is beginning to emerge (Breitburg, 1999). There is limited understanding 
of oyster reef contribution to the broader ecological functioning of tidal creek systems 
(Coen and Luckenbach, 2000). The recognition of the importance of shellfish in the 
estuary ecosystem and its potential to combat eutrophication has led to efforts, with 
significant public funding, to sustain or restore oyster fisheries in most coastal states in 
America (Wesson et al., 1999). The restoration activity in America has included 
developing oyster brood stock sanctuaries, supplementing hard substrata on the 
bottom, relocating stocks and supplementing natural populations with hatchery reared 
stocks. 
 
Beneficial effects of supplementing or conserving oyster populations in estuaries 
appear to continue to be largely unrecognised by most estuary managers in Australia. 
Ironically, the Estuaries Assessment, conducted as part of the Land and Water Audit 
(NLWRA, 2000) simply lists aquaculture as a significant negative impact on estuaries, 
without any recognition of potential ecosystem benefits offered by the oyster industry. 
This appears to be based on the mistaken assumption that all aquaculture is intensive 
or semi-intensive requiring artificial feeding. 
 
11.3   Estuary Ecosystem Health and Indicators 
All ecosystems are exposed to gradual changes in climate, nutrient loading, habitat 
fragmentation or biotic exploitation. Nature is usually assumed to respond to gradual 
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change in a smooth way. Studies show that a loss of resilience in the ecosystem usually 
paves the way for a sudden drastic switch to an alternative contrasting state (Scheffer 
et al., 2001). Ecologists have begun to categorise system level stresses and record their 
effects on the ecosystem suggesting an epidemiological approach (Costanza, 1992). 
There is a need to detect stress early (before ecosystem retrogression) and 
recommend remedial action (Ward et al., 1998). As discussed in Chapter 8, estuaries 
appear to behave in a nonlinear, hysteretic manner (Harris, 1999). Consequently, the 
impacts of incorrect management decisions may not be easily reversed (White, 2001). 
For example, Chesapeake Bay (America) is becoming hyper-eutrophic with shorter 
food chains characterised by a lower degree of organisation, lower diversity and higher 
productivity. This has been exacerbated by the loss of major grazers in the system – 
oysters – due to overharvesting (Dame, 1996). Strategies for sustainable management 
of such ecosystems need to focus on maintaining resilience. 
 
Focal species which, for ecological or social reasons, are believed to be valuable for the 
understanding, management and conservation of natural environments can be distilled 
into four ‘categories’, namely: indicators, keystones, umbrellas and flagships (Zacharias 
& Roff, 2001). Oysters must have been a keystone species of NSW estuaries prior to 
1884 given their natural abundance (Oyster Culture Commission, 1877). Currently, 
oysters may be considered as a useful estuary sentinel (Ogburn, 1999), analogous to 
condition indicators (Zacharias & Roff, 2001) for risk to estuary health.  
 
Features of condition indicator sentinel species are: 
• species that, by their response to certain environmental conditions, are 
thought to be useful to quickly infer the effects of those conditions on other, 
non-indicator species (Landres et al., 1988) 
• species that indicate habitat quality that is required by other species (Niemi et 
al., 1997; Meffe and Carroll, 1997) 
• used where specific habitats or communities have been identified and there is a 
requirement to monitor the effectiveness of conservation and management 
strategies (Zacharias & Roff, 2001).  
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11.4   Oysters – Sentinel for Risk to Estuary Water Quality  
Because oysters are sessile as adults and pump water through their bodies they are 
recognised as good monitors of ecosystem change over timescales varying from hours 
to years. During the life of an average oyster it will filter an estimated 0.5 to 1 ML of 
estuarine river water. Their feeding habits and lifestyle therefore make oysters 
extremely valuable, integrative indicators of water quality in estuaries and coastal 
lakes (White, 2001). Consequently, it is not surprising to see ecosystems dominated by 
bivalves at the forefront of quantifying ecosystem health (Dame, 1996). As early as 
1976, America initiated the ‘Mussel Watch Monitoring Program’ as a means to monitor 
pollution in coastal waters using mussels and oysters (Goldberg et al., 1978). Shellfish 
can also provide an impetus for estuary risk assessment (Macfarlane, 1996). Bivalves, 
as sentinel organisms, have proved to be useful in identifying variations in chemical 
contamination between sites and have contributed to an understanding of trends in 
coastal contamination (Allen and Turner, 1989; Widdows and Donkin, 1992). For 
example, the US National Shellfish Register of Classified Estuarine Waters identified 
that waters approved for the harvest of molluscan shellfish harvest in America have 
declined from 87 per cent of classified waters in 1966 to 63 per cent in 1990 (Leonard, 
1993). 
 
ACIL (1997) suggested that the NSW oyster fishery is a uniquely valuable indicator of 
the environmental health of rivers and estuaries. In essence, if NSW coastal waterways 
are fit to support oysters which are healthy for consumers, they will meet more 
general water quality benchmarks. The concept of oysters being a water quality 
sentinel for NSW estuaries, discussed by Ogburn (1999), was endorsed by White (2001) 
and embodied in the Healthy Rivers Commission Report (HRC, 2003), Healthy Rivers 
and Healthy Oysters. They also noted that adverse water quality impacts on oysters 
present an almost immediate gauge of river health. To reduce possible sources of 
confounding error Robinson et al. (2004) recommended the use of hatchery reared  S. 
glomerata transplanted to NSW estuary sites as active biomonitors to ensure genetic 
homogeneity and individual life histories. 
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11.5   Water Quality Protection and Improvement in Shellfish Areas  
Past experience has shown that remedial actions to clean-up polluted sites and water 
bodies are generally much more expensive than applying measures to prevent 
pollution from occurring. For many decades nutrient enrichment and pollution has 
been considered a major threat to the health of coastal marine waters (Ryther and 
Dunstan, 1971). Great advances in the first generation of environmental policy, 
commencing in the 1960s, came in dealing with pollution from large point sources. In 
this setting it was possible to establish a direct link between source and impact and to 
establish regulations that encouraged large firms to invest and develop pollution 
reducing technologies (Kettl, 2002). A much greater challenge now exists to deal with 
non-point source pollutants such as fertiliser and acid run-off from farms, 
contamination from dairy farms and growing environmental risks from homeowners 
dousing their lawns with pesticides, herbicides and fertilisers (Kettl, 2002; NSW Auditor 
General’s Report, 2003). Non-point source pollution is now the most common cause of 
shellfish classification downgrades in Puget Sound (Jackson, 1985), reducing the 
region’s commercially approved acreage by approximately 25 per cent since 1980. 
Leading non-point pollution sources in the region include failing on-site sewage 
systems, farm animal wastes, and stormwater run-off (Glasoe and Christy, 2004). 
 
In this context it is difficult, politically, to adopt control regulations supported by fines 
and litigation as they work poorly against non-point sources that are also widespread 
(Rabe, 2002). Metzenbaum (2002), in a review of environmental governance in 
America, suggested the next generation of environmental policy would need to be 
based on integration and prevention that is not overly resource intensive. Themes such 
as ‘civic environmentalism’ and ‘place-based environmental protection’ are becoming 
part of environmental policy vernacular in America (Rabe, 2002). 
 
Rabe (2002) found that much of the impetus for innovative environmental policy came 
from the upper middle ranks of state environmental agencies. This type of innovation 
runs counter to the traditional process of environmental policy formation in which 
elected officials attempt to cobble together policy in response to some environmental 
calamity (Rabe, 2002). There was little pressure from environmental advocacy groups 
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or industry for these innovations, perhaps because there was no ‘calamity’, but these 
groups often became central participants to the implementation. Initiatives moved 
forward in a relatively quiet manner with intra-agency ‘policy entrepreneurs’ 
developing key concepts and gradually winning support from top agency officials and 
government (Rabe, 2002). Kettl (2002) further underscores political and managerial 
fragility of policy innovation, particularly when it runs counter to agency norms and 
the prevailing tone of legislation or when there is a high decay function due to changes 
in state political or agency leadership and loss of corporate memory. There are obvious 
parallels with what has occurred in environmental governance in the NSW oyster 
industry, outlined in Chapters 7–9. Water quality protection initiatives, specifically 
targeting shellfish areas, have been developed in America and Europe and are 
described in the following sections. 
11.5.1 American Initiative for Protection and Improvement of Shellfish Areas 
Section 101(a) (2) of the US Clean Waters Act (CWA) establishes as a national goal: 
water quality which provides for the protection and propagation of fish, 
shellfish, and wildlife, and recreation in and on the water, wherever 
attainable  
 
These are commonly referred to as the ‘fishable / swimmable’ goals of the Act. The 
relevant section requires water quality standards to protect the public health and 
welfare and enhance the quality of water. Water quality standards include the 
designated use or uses to be made of the water, criteria necessary to protect those 
uses, and an anti-degradation policy. The American EPA's water quality standards 
regulations interpret and implement these provisions by requiring water quality 
standards that, at a minimum, provide for fishable / swimmable uses unless those uses 
have been shown to be unattainable; and require adoption of water quality criteria 
that protect the designated uses. Such criteria must be based on sound scientific 
rationale, must contain sufficient parameters to protect the designated use, and may 
be expressed in either narrative or numeric form. 
 
The American EPA interprets ‘fishable’ uses under section 101(a) of the CWA to 
include, at a minimum, designated uses providing for the protection of aquatic 
communities and human health related to consumption of fish and shellfish. In other 
  258 
words, EPA views ‘fishable’ to mean that not only can fish and shellfish thrive in a 
water body, but when caught, can also be safely eaten by humans. The EPA considers 
fish and shellfish tissue pollutant concentrations a scientifically defensible basis for 
determining attainment of water quality standards. In particular, the classifications of 
certain shellfish growing areas are used as part of determinations of attainment of 
water quality standards and listing of impaired water bodies.  
 
A national strategy to improve water quality monitoring in America and establish a 
national water environmental indicators report, characterising how well the goals of 
the Clean Water Act are being met, has helped the public and water managers 
understand water quality and set management priorities (Fellows, 1996). Two of the 
indicators used concern shellfish consumption and the condition of shellfish beds and  
depend upon the shellfish management industry as data providers. The US EPA 
Strategic Plan, charting a course for the Agency over the five years (2004–2008), has 
one goal that relates to Fish and Shellfish being safe to eat. The goal is to: 
Reduce pollution in waters … so that consumption limits can be relaxed for 
3 per cent of problem waters while increasing the percentage of shell 
fishing acres that are approved for use from 77 to 85 per cent (source: US 
EPA, 2004 available at http://www.epa.gov/water/waterplan/ 
 
There are presently no similar goals in NSW. 
11.5.2 EU Initiative for Protection and Improvement of Shellfish Areas 
European Union (EU) members increasingly recognised the need for an agreed 
organisational framework for integrated coastal management (Ballinger, 1999). The EU 
Water Framework Directive (WFD) provides a framework for the protection of 
groundwater, inland surface waters, estuaries and coastal waters (Anon, 2000). The 
overall aims of the WFD are to prevent further deterioration, protect and enhance the 
environmental status of aquatic systems and to promote the sustainable use of water, 
while progressively reducing or eliminating discharges, losses and emissions of 
pollutants and other pressures for the long-term protection and enhancement of the 
aquatic environment. The WFD provides national and local authorities with a 
legislative basis for the maintenance and recovery of water quality to achieve good 
ecological and chemical status for surface waters. It is considered the most significant 
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piece of legislation concerning water policy in the EU produced in the last 20 years 
(Andersen et al., 2004). The WFD requires EU Member States to develop classification 
systems to describe the ecological status of a given water body at a given time. Other 
EU directives that are seeking to manage pollution inputs include agricultural and 
urban wastewater treatment (Anon, 1991a, 1991b). These directives require 
designation of vulnerable catchment zones that contribute to pollution; monitoring of 
discharges and waters subject to discharges; assessment of the sensitivity of receiving 
waters; and action programs promoting the application of codes of good agricultural 
practices. As an example, in the Basin de Thau coastal lagoon on the French south 
coast, shellfish farming was proclaimed a designated priority because of the 
exceptional growing conditions and the major economic contribution of the industry to 
the region (La Jeunesse and Elliott, 2004). 
 
As a consequence of these EU directives, a range of measures to combat agricultural 
water pollution has been outlined by the Government of the United Kingdom in a bid 
to enhance water quality (DEFRA, 2004). These measures include improvement of land 
management practices by investment in farm infrastructures and reduction in the 
usage of potentially harmful pollutants through the gradual introduction of cost-
effective voluntary and regulatory initiatives. It will also ensure changing land use in 
areas with an extremely high risk of pollution (DEFRA, 2004). DEFRA has also begun a 
review of non-agricultural sources of diffuse water pollution including the transport 
and construction sectors, industrial sources, the forestry and leisure industries and 
contaminated land. In addition, a method has been developed to assess the impact of 
combined sewer overflows on the quality of the receiving water. This is being applied 
to ensure the design of the storm overflow is adequate for the protection of the 
receiving water (Zabel et al., 2001). The European Commission pursued infringement 
proceedings against Ireland because it has not done enough to protect its shellfish 
waters from pollution (Fenelly, 2004).  
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11.6   Institutional Impediments to Protection of NSW Oyster Lease 
 Areas 
The Healthy Rivers Commission (HRC) Independent Review of the Relationship between 
Healthy Oysters and Healthy Rivers (HRC, 2003) noted: 
The institutional miasma in NSW surrounding the management of coastal 
lakes and rivers … is costly, inefficient, confusing, frustrating, ecologically 
damaging and a detractor to investment (White, 2001) 
 
This fragmentation and lack of coordination, responsibility and accountability was 
identified as a key risk to the objectives of the NSW oyster industry. The HRC’s risk 
assessments (HRC, 2000a, 2000b) highlighted actions necessary to improve river health 
for oyster growing within broad strategies that agencies and oyster growers need to 
take in planning, risk management and standards setting (HRC, 2003) and 
recommended to government strategies for: 
• aligning decisions on the reduction of impacts of other resource uses within 
river systems with the necessity to protect oyster growing areas 
• balancing the needs of the river system, oyster farming and other resource uses 
through state and local government instruments, actions and standards 
• creating effective government-community partnerships in which 
responsibilities and accountabilities are clearly defined and fulfilled. 
 
The report made four recommendations:  
1. Designating areas where farming oysters would be a priority intended outcome 
2. Establishing planning processes that achieve this outcome  
3. Costing the protection of these areas from the effects of existing and new 
development 
4. Promotion of oyster industry viability. 
 
The NSW Auditor-General’s Report (2003), Protecting our Rivers, also found that 
responsibility for protecting the quality of river water is not clearly delineated. The 
report found the institutional arrangements in NSW lacked the structure to ensure 
success. There was no lead entity to coordinate efforts to protect river water. There 
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were gaps in the monitoring and evaluation of water quality in NSW. There was no 
comprehensive program for data collection and risk assessment that feeds into 
management decisions. This is despite the fact that there were numerous programs 
across government agencies undertaking various types of monitoring (NSW Auditor 
General’s Report, 2003). NSW was not unique in this fragmented state of affairs. For 
example, Schiff et al. (2002) identified 114 marine monitoring programs operating for 
at least ten years, conducted by 65 organisations and costing US$31 million annually in 
the ocean environment in Southern California (America). The largest effort expended 
on receiving water monitoring was for measuring bacteria, followed by sediments, fish 
/ shellfish, water quality and intertidal habitats. They suggested the large level of 
expenditures by individual agencies presented opportunities for integrating small, site-
specific ocean monitoring programs into regional and national scale monitoring and 
assessment programs (Schiff et al., 2002).   
11.6.1  Progress in NSW Institutional Arrangements 
Since the Healthy Rivers Commission reviews, the institutional arrangements in NSW 
for protecting estuaries have been realigned. Significantly, this includes the 
establishment of 13 regional catchment management authorities (CMAs) in NSW with 
5 covering the NSW coast under the Catchment Management Authorities Act, 2003. 
The CMAs are responsible for managing natural resources at the catchment scale. Key 
roles include preparing Catchment Action Plans (CAPs) and managing incentive 
programs to implement the plans. The preparation of CAPs involves integrating 
previous work with the latest information and science and with local knowledge.  This 
multi-level government support has allowed complex environmental issues to be 
tackled with great precision at the catchment level, and CMAs have played the 
important role of gathering funds from a variety of sources and delivering them to 
priority regional projects.  The CMAs will also be responsible for administering and 
managing native vegetation consents under the Native Vegetation Act 2003, including 
Property Vegetation Plans (PVPs) for land clearing consents (NSW CMA, 2011).  
 
The Natural Resources Commission (NRC) was established under the Natural Resources 
Commission Act, 2003 to provide the NSW Government with independent advice on 
natural resource management including the development of a regional model for 
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natural resource management which gives regional communities more direct say in 
how their landscapes are managed (NSW NRC, 2011). This includes the adoption of and 
reporting on a set of state-wide targets for natural resource management, and the 
Standard for Quality Natural Resource Management (the Standard). The NRC manages 
work adaptively using the Standard to deal with uncertainty in knowledge of natural, 
social and economic systems, and the complexity of interactions between these 
systems using technical review panels and a range of collaborative consultation 
processes.  In addition the NRC review catchment action plans and recommends 
whether they should be approved, and audits how effectively these plans are being 
implemented on the ground.  
 
The establishment of the NSW State Plan (NSW Government, 2011) has also provided a 
framework for measuring performance in relation to objectives. The State Plan 
includes: 
• 44 clear priorities identified by the community to focus Government action 
• 90 targets against which to measure success and compare performance 
• Clear responsibilities for delivery, with a Director General and Minister clearly 
accountable for each priority 
• Transparent reporting of results online 
• State Plan Performance Report to be released by the end of November each 
year. 
 
11.7   Planning and Institutional Arrangements for the Oyster Industry 
NSW state legislation relating to fisheries, aquaculture, environment protection and 
land use planning are key components of the legislative framework for oyster 
production. Other state legislation relating to coastal management, land 
administration, water management, conservation, native vegetation, national parks 
including marine parks, heritage, native title and food safety, may also regulate oyster 
production. In NSW the principle legislation for management of the oyster fishery is 
the Fisheries Management Act 1994 (FMA). This Act is administered by NSW DPI. 
Under this Act a statutory committee, Oyster Research Advisory Committee (ORAC), 
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advises the Minister on collection and expenditure of the NSW oyster industry 
research levy and priorities for oyster research. The priorities are established through a 
five year strategic R&D planning exercise that uses a risk-based framework (Ogburn 
and Evans, 1998) to determine research priorities (e.g. ORAC, 2003). Policy advice from 
the NSW oyster industry is provided to the Minister through the Oyster Management 
Advisory Committee (OMAC). 
 
During the course of this work it was identified that three different ministerial 
portfolios have had direct control over planning and land use legislation for the oyster 
industry in NSW. These were, inter alia: 
• the Minister for Fisheries who granted oyster leases and oversaw the 
management and administration of the industry below the high water mark in 
NSW waters under the Fisheries Management Act (1994) in consultation with 
the agency responsible for Waterways navigation 
• the Minister for Lands who administered the Crown Lands Act (1989) and 
granted ‘land owners consent’ prior to the lodgement of a development 
application for an oyster lease with local Council. The Minister for Lands also 
granted oyster land base (‘shed’ and operational base) leases / approvals and 
oversaw the management and administration of the oyster industry on these 
areas 
• the Minister for Planning who placed additional land use restrictions on Crown 
land by zoning and other provisions of environmental planning instruments 
made under the Environmental Planning and Assessment Act (EP&A Act, 1979) 
including State Environment Protection Plans (SEPP) such as Sustainable 
Aquaculture Strategies (SEPP 62) and Coastal Protection (SEPP 71) and Local 
Environment Plans (LEP). Local Councils administered the most relevant aspects 
of this legislation in respect to the oyster industry including development 
consent for oyster leases. 
11.7.1 Approval of Oyster Leases in NSW 
Development consent was not required for oyster leases in NSW, prior to the 
commencement of the Environmental Planning and Assessment Act 1979 (EP&A Act) in 
September 1980. Up until then, consent for oyster leases was granted under the 
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Fisheries and Oyster Farms Act, 1935. With few exceptions, present oyster leases in 
NSW were first granted under this process. The approval process for an oyster lease, 
over a current / previously-leased area was a matter of considerable confusion and 
complexity within NSW DPI and local Councils. This caused protracted and inefficient 
delays in decision-making on the granting of oyster leases. The process was also ad hoc 
and inconsistent. Figure 59 depicts the approval pathway (s) for an oyster lease area in 
2004.  
 
To clarify approvals over previous lease areas, legal advice was sought by NSW DPI in 
September 2004 and the detailed advice was as follows: 
Any oyster lease that was lawfully granted by NSW Fisheries prior to the 
commencement of the EP&A Act enjoys continuing use rights under the 
EP&A Act, until such time as a planning instrument seeks to make that use 
prohibited. In that latter case the existing use provisions apply. DPI is not 
aware of any LEP that has sought to make oyster farming a prohibited use 
in an existing oyster lease area in NSW.  NSW DPI can approve leases over 
previously leased areas under Part 5 of the EP&A Act. Development 
consent for these areas is not required provided that it can be established 
that the area has been previously lawfully approved for oyster farming. 
(NSW DPI – Legal Section, written personal communication, March 2005)  
 
This precept had important consequences for management of the oyster fishery, and 
the determination of priority oyster farming areas. It meant that in general, NSW DPI 
could renew oyster leases that have expired in NSW without the requirement for 
landowner’s consent or a development application. This determination assisted in the 
subsequent proclamation of OISAS (NSW DPI, 2006) as a means to resolve this 
planning complexity. 
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Crown Lands Act
Environmental Planning & Assessment Act
Fisheries Management Act
SEPP 62
Sustainable Aquaculture Strategy
Oyster Industry Land Use Planning & Management
Land Owners Consent
Land Base Leases
Aquaculture Industry Development Plan
Waterways
Development Approval
Classification NSW FoodAuthority
Aquaculture Lease
Applicant
Lodge DA
Apply for lease
  
Figure 59.  Oyster industry land use planning and management arrangements for NSW for oyster lease consent and approval over new areas in 2004. In most cases, 
Development Approval was granted by Local Council for new lease areas (from Ogburn 2003) 
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11.7.2 The Oyster Industry Sustainable Aquaculture Strategy 
The conceptual components of an oyster fishery resource and environmental 
management framework to enable the NSW oyster industry to rebuild were outlined 
(Ogburn, 2003). The studies presented in this work provided a foundation for the 
development of the NSW Oyster Industry Sustainable Aquaculture Strategy (OISAS) 
which was released in 2006 (NSW DPI, 2006). The development of OISAS was a 4-year 
long process, from 2002–2006, which required the development of a risk assessment 
framework and policies outlined in previous chapters, integrated with agency and 
stakeholder consultation and policy development from 2002–2006. The resultant 
Strategy: 
• identifies those areas within NSW estuaries where oyster aquaculture is a 
suitable and priority outcome  
• secures resource access rights for present and future oyster farmers 
throughout NSW  
• documents and promotes environmental, social and economic best practice for 
NSW oyster farming and ensures that the principles of ecological sustainable 
development, community expectations and the needs of other user groups are 
integrated into the management and operation of the NSW oyster industry  
• formalises industry’s commitment to environmental sustainable practices and a 
duty of care for the environment in which the industry is located  
• provides a framework for the operation and development of a viable and 
sustainable NSW oyster aquaculture industry with a clear approval regime and 
up-front certainty for existing industry participants, new industry entrants, the 
community and decision-makers  
• identifies the key water quality parameters necessary for sustainable oyster 
aquaculture and establishes a mechanism to maintain and where possible 
improve the environmental conditions required for sustainable oyster 
production  
• ensures that the water quality requirements for oyster growing are considered 
in the State’s land and water management and strategic planning framework. 
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11.8 Water Quality Objectives for Oyster Growing Areas in NSW 
The NSW Government has participated in ongoing development of the National Water 
Quality Management Strategy since 1992. This strategy (DSEWPC, 2010) provides a 
framework for action and a series of guidelines and scientific criteria that will help 
improve water quality. The framework requires that all significant water resources are 
spatially defined on a priority basis and that Environmental Values are developed for 
each of these regionally defined resources. Environmental Values are those that are: 
important for a healthy ecosystem or for public benefit, welfare, safety or 
health and that require protection from the effects of pollution, waste 
discharges and deposits  
 
The Strategy sets out a process for establishing Environmental Values and associated 
Water Quality Objectives (WQOs) on a regional basis. These objectives translate the 
environmental values into water quality parameter concentrations of key potential 
stressors.  
 
These are referred to as Environmental Quality Criteria appropriate to the region and: 
these criteria are used as formal benchmarks against which to assess the 
results of monitoring programs and as triggers for management actions 
designed to protect the environmental values of the region  
 
WQOs can be set to protect the most sensitive designated water use at a specific 
location, in this case oyster harvest. They provide policy direction for resource 
managers for the protection of water uses in specific water bodies. WQOs can guide 
the evaluation of water quality, the issuing of permits, licences and orders, and the 
management of fisheries and the State’s land base (NSW EPA, 2000). They also provide 
a reference against which the state of water quality in a particular water body can be 
checked, and help to determine whether catchment water quality studies should be 
initiated. WQOs have been established for most waterways in NSW (NSW DEC, 2006). 
The WQOs provide a guide as to which trigger values to use from the Water Quality 
Guidelines. A range of pollutants and their respective water quality criteria together 
with  S. glomerata trace metal tissue concentrations, determined as background levels, 
for a range of metals (Robinson et al., 2004) are listed in Table 39.  Relevant food 
standard levels are also listed (Australia New Zealand Food Standard Codes, 2000) and 
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ranges indicate that food safety levels for metals in NSW oysters are within generally 
expected level (GEL) and considered  low risk.  
 
Table 39.  Some water quality criteria for estuarine waters applicable to oyster growing areas and 
range for NSW oyster tissue levels and relevant food standard levels 
Pollutant Water Quality 
Criteriaa 
NSW Sydney rock 
oyster Background 
Tissue levelsb 
GELc 
Median 
MLd 
Faecal coliforms 21·100 ml-1 as 90th 
percentile 
   
Total Iron < 10 µg·L-1    
Total Aluminium < 10 µg·L-1    
Suspended solids < 75 µg·L-1    
Copper <   5 µg·L-1 20-90 µg·g-1 5 µg·g-1  
Zinc <  50 µg·L-1 792-1456 µg·g-1 130 µg·g-1  
Lead <   5 µg·L-1 0.1-0.3 µg·g-1  2.0 µg·g-1 
Cadmium <  2 µg·L-1 0.76-1.5 µg·g-1  2.0 µg·g-1 
Selenium  1-2  µg·g-1 1 µg·g-1  
Mercury <   0.1 µg·L-1   0.5 µg·g-1 
Nickel < 15 µg·L-1    
Chromium < 50 µg·L-1    
Tributyl Tin < 0.001 µg·L-1    
a  Source: ANZECC (2000) 
b  Eastern Australia background concentrations in oyster tissues (Robinson et al., 2004) 
c  Generally Expected Level (Australia New Zealand Food Standards Code, 2000) 
d     Maximum Level (Australia New Zealand Food Standards Code, 2000) 
 
 
The NSW Diffuse Source Water Pollution Strategy is a framework designed to reduce 
diffuse source water pollution in NSW. The Strategy is an adaptive initiative that aims 
to support proposals for investment on action programs to counter diffuse pollution 
sources implemented by natural resource management programs and to influence and 
focus investment by agencies to achieve synergies (DECCW, 2010b). 
11.8.1 NSW OISAS Provision for Referral  
The NSW OISAS legislative framework (NSW DPI, 2006) makes provision for the first 
time in NSW planning approvals to require consent from authorities when considering 
an application for development that, because of its proposed location, may affect a 
priority oyster aquaculture area or oyster aquaculture outside such an area, to: 
• give the Director-General of the Department of Primary Industries written 
notice of the development application and take into consideration any written 
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submissions made in response to the notice within 14 days after the notice was 
given 
• take into consideration the provisions of OISAS 
• consider any issues that are likely to make the development incompatible with 
oyster aquaculture and evaluate any measures that the applicant has proposed 
to address those issues. Examples of potential land use incompatibility issues 
include access to oyster leases being limited by the development or the risk of 
adverse impacts of the development on water quality and, consequently, on 
the health of oysters and on the health of consumers of those oysters. 
 
The consent authority may refuse to grant consent to development if, in the opinion of 
the consent authority, the development is likely to have an unreasonable impact on a 
priority oyster aquaculture area or on oyster aquaculture outside such an area. 
 
As a consequence of this legislation, NSW DPI receives numerous referrals from state 
and local planning authorities for comment and has proven to be an effective tool in 
helping to protect priority oyster lease areas in coastal development proposals (G. 
Bowley, personal communication, December 2010). Farmers in the Crookhaven River, 
however, report that Sydney Water environmental flow allocations during 2007–2009 
drought periods were inadequate, in spite of lobbying to the catchment authority, and 
resulted in extraordinary hyper-saline regime in the upper estuary. The consequence 
was extremely poor growth of oysters and severe unusual Winter Mortality of  S. 
glomerata (Chapter 8) on lease areas that had not previously experienced mortality (B. 
Allen, personal communication, December 2010). 
 
11.9  Conclusion 
Results of Chapter 11 demonstrate that policy based on a risk assessment framework 
optimise outcomes for strategic management of the NSW oyster industry. The 
establishment of regional catchment management authorities, the Natural Resources 
Commission (NRC) and the NSW State Plan provide coordination and consultation 
mechanisms as well as a set of state-wide targets. Under the NRC, the NSW 
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Government has established a regional model for natural resource management which 
gives regional communities more direct say in how their landscapes are managed.  
However, like all models, the quality of outputs depends on inputs and this relates 
particularly to monitoring. 
 
The development and implementation of OISAS (NSW DPI, 2006) has provided the 
community consultation and planning mechanisms to ensure that priority areas for 
oyster leases are identified on a state register in each NSW estuary where oyster 
farming occurs. It also makes provision for referral to NSW DPI Aquaculture Branch for 
assessment, those catchment developments that may impact on oyster leases in NSW 
estuaries. While OISAS provides a framework for risk management, the establishment 
of monitoring and reporting parameters and performance indicators, discussed in 
previous chapters, has not yet been clearly articulated. 
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CHAPTER 12 – FUTURE DIRECTIONS IN THE NSW OYSTER 
INDUSTRY 
 
12.1   Introduction 
The NSW Oyster Fishery has been managed under the authority of the Minister for 
Fisheries since 1884. The social, cultural and economic objectives of the NSW oyster 
industry have been part of rural coastal communities for many generations. The 
previous chapters in this work have demonstrated that the NSW oyster industry is a 
risk indicator of sustainable coastal catchment policy and practice (Ogburn, 1999). The 
studies are based on the overarching hypothesis that the economic, social, cultural, 
human health and environmental sustainability objectives of the NSW oyster industry 
requires a historically- and scientifically-based risk assessment framework for 
selecting, managing and cultivating oyster farming areas. Historical analysis has 
demonstrated that repeated policy failures occurred because of the absence of such a 
strategic framework. This resulted in significant industry intergenerational dislocation 
and hardship and engendered a perception that oyster growing may be a risky 
business in NSW.  
 
Chapter 12 develops the argument that the ‘step change’ that is required for the NSW 
oyster industry to benefit from the raft of new planning and management policies and 
the technological developments in the last 20 years, requires a targeted and focused 
one-off government assistance program that merited farmers can avail to re-establish 
the industry. The consequences of potential institutional failure of the NSW oyster 
industry are substantial to the wider community and future generations. 
 
12.2   Historic Industry Structure, Value and Investment  
The approximate capital investment in the NSW oyster industry is $268 million and the 
average capital invested per permit holder is $575,000 (White, 2001). The oyster 
industry is a significant regional employer, with around 403 full-time and 265 part-time 
employees engaged in the industry in 2003–2004 (NSW DPI, 2004). It has been 
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estimated that the oyster industry creates one direct job in regional NSW per $140,000 
gross production, and up to three jobs indirectly (White, 2001).  
 
The Australian agricultural sector, generally, is composed of a large number of small 
farms and far fewer larger farms. The largest 10 per cent of farms (as measured by 
gross farm income) produce over 50 per cent of the value of Australian agricultural 
production. The smallest 50 per cent produce 10 per cent of the value of production. 
This ‘rule of thumb’ pattern of production, known as the ‘Pareto principal’ after the 
nineteenth century Italian economist (or 80–20 rule), is also common to many 
fisheries, including the NSW oyster industry and other agricultural enterprises. A 
comparative analysis of the structure of the industry is presented in Table 40. The 
percentage of oyster farmers reporting no production of oyster has declined 
significantly in the last two decades; however the percentage of non-commercial40 
producers (< 50 bags) has remained the same.  
Table 40.  Comparative analysis of the structure of the NSW oyster industry when it was near its peak 
in 1983 and in 2001–2009 
ITEM 1983–188436 2001–200237 2003–2004 2004–200538 2008–2009 
    Number ‘Farms’39 787 406 378 377 346 
> 50 bags annually40 35% 53% 54% 51% 51% 
< 50 bags annually 25% 25% 26% 20% 22% 
     0 bags annually 40% 22% 25% 29% 29% 
 
 
Research has consistently shown that most productivity growth in agriculture is 
captured by the largest of Australian farms (Barr, 2003). Figure 60 depicts the 
productivity (bags / ha) of different sizes of oyster ‘farms’ (determined as total lease 
holdings for each permit holder) in the NSW oyster fishery in 2003/2004. As expected, 
variation in productivity is highest in small farm holdings; however there is no clear 
relationship between productivity and farm size. 
 
                                            
36  (Espinas, 1987). 
37  (NSW Fisheries, 2003). 
38 (NSW DPI, 2006). 
39  Effectively the number of permit holders in 2001, 2004 and 2005. 
40  The definition of a farm for inclusion in official statistics includes minimum gross farm income 
criteria, considered equivalent to approximately 50 bags of oysters using the ABARE definition of a 
farm as requiring a minimum gross farm income of $22,500.  
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Wholesale average price for one bag of plate  S. glomerata in 1984 was reported as 
approximately $186 (Espinas, 1987). Consumer Price Index adjustment means this 
equates to $405 in 2004. The average price for a bag of plate oysters in 2004 was 
reported as $637 (DPI, 2004), an approximate 60 per cent increase in real value over 
the last 20 years.  
 
 
Figure 60.  Average production and respective standard deviation for oyster farms in different size 
range categories measured in hectares (Source: DPI – Fisheries, 2004) 
 
12.3   Capital Risk in the NSW Oyster Industry 
The inability of many parts of the aquaculture industry to attract significant new 
investment has been identified as a key constraint on future growth (Lendich, 2003). 
NADC (2002) indicated that the scale and ownership structure of most aquaculture 
enterprises (such as small, family-owned businesses) is poorly suited to attracting 
equity financing (although this may be a problem for small businesses generally). As is 
the case for most agricultural businesses, potential variation in climatic and other 
environmental conditions creates an additional level of risk when attempting to access 
finance and make production decisions (Productivity Commission, 2004). Oyster 
farming involves the growing of a product with a 1 to 4 year time-to-harvest. A report 
on the NSW oyster industry in 1997 suggested the length of oyster maturation time, 
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oyster diseases and pollution risks, together with incidents of contaminated product, 
engender a perception that oyster growing may be a risky business (ACIL, 1997).  
 
12.4   Strategies for Improving Market Mechanisms in the Industry 
In a review of regulatory arrangements for aquaculture in Australia, the Productivity 
Commission (2004) identified characteristics of efficient and effective lease systems to 
include: 
• sufficient flexibility, with different lease categories and potential uses 
• efficient and transparent methods for lease allocation and transfer 
• adequate lease term and renewal arrangements 
• adequate specification of the nature of the lease (i.e. property rights) 
• efficient processes and clear assessment criteria for applications to lease public 
land or water. 
 
Oyster lease administration in NSW fulfils these basic criteria. Improvement of market 
mechanisms for allocating leases between users, ensuring pricing recovers all costs, 
and improving institutional and consultative arrangements needs to be included in 
such a resource allocation model.  Since oyster leases are in effect a renewable 
resource that provides access to the fishery, there is some flexibility in how allocation 
arrangements could develop over time to improve incentives for their productive use.  
 
Firstly, the market in oyster leases needs to be efficient, open and free from undue 
constraints, to enable oyster farmers to make necessary adjustments and to maximise 
the benefits from their use. The recommendations of the Productivity Commission 
(2004) are relevant, namely: 
• Secure tenure of leases both for oyster land base and water base areas: these 
lease terms should be harmonised and sufficiently long to allow for efficient 
investment, or else renewal can generally be presumed (subject to holders 
discharging their agreed responsibilities) 
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• Transferability: the lease should be able to be sold, given, bequeathed or 
sublet, as long as any transfer has minimal adverse effect on other users or the 
environment 
• Clear specification: responsibilities and obligations of the leaseholder are 
transparent and clearly understood. Leases are recorded in reliable registers, 
which have public confidence and unambiguously define who holds them and 
under what terms. 
12.4.1 Auctions / Tenders for Aquaculture Leases 
Competitive allocation systems such as auctions / tenders can enable self-generated 
valuation for a resource where there is limited information; a typical problem with 
oyster leases. Auctions are a transparent process and can yield greater revenues or 
cost savings for government. This can result in an efficient allocation of the resource – 
one that maximises community benefit (Chan et al., 2003). Despite their potential 
merits, auctions can also perform poorly if they are not carefully designed and 
conducted.  
 
NSW DPI Aquaculture Management Branch commenced a Project to tender / auction 
oyster leases that had reverted back to the Crown. The Project was a key part of the 
overall strategy to get viable oyster leases into a productive and compliant state and 
return non-priority areas to public land. The first eleven (total area = 6.8 ha) of 125 
leases in NSW were auctioned at Wallis Lake in November 2004. Wallis Lake was the 
premier oyster farming estuary in the State and $187,000 was taken at auction at an 
average price of $27,500 / ha. 
 
Effective use of auctions as a policy tool rests on the notion that market mechanisms 
can be ‘designed’ to achieve particular outcomes (Chan et al., 2003). The auction / 
tender system could provide a cost-neutral mechanism to return viable derelict oyster 
lease areas back to productivity; provide an ongoing market mechanism for 
determining ‘priority’ oyster lease areas in estuaries; and guide a phase-out of ‘non-
priority’ lease areas. This process has been adopted as a preferred policy option in 
lease allocation in OISAS (NSW DPI, 2006). 
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12.5   Key Indicators of NSW Oyster Industry Production 
Key selected indicators for the NSW oyster industry in 2009 and hindcast with those at 
2005 prior to implementation of OISAS and the Aquatic Biosecurity Branch of NSW DPI 
are presented in Table 41. 
Table 41.  Key indicators of NSW Oyster Industry Production 
Indicator 2005 2009 
Number of Permit Holders 377 346 
Farmed Area (ha) 3,065 2,900 
Number of leases  2,400 
Stick Production (bags) 6,295 3,456 
Tray Production (bags) 57,344 43,776 
Total Production (bags) 66,181 62,853 
 S. glomerata (bags) 62,374 56,109 
 C. gigas  (bags) 3,807 2,007 
Triploid  C. gigas  (bags) N.A. 4,737 
 S. glomerata Plate Oyster price / dozen  $6.68 $8.02 
 C. gigas  Select price / dozen $6.00 $7.09 
Triploid Premium  C. gigas  price  / dozen N.A. $7.41 
Total approximate industry farm gate value $37.8 million $43.3 million 
 
Key points from this comparison are that:  
• stick culture continues to decline 
• the area of lease allocated in NSW has declined slightly 
• triploid  C. gigas  production has commenced and is increasing annually 
• the total oyster production has declined slightly, possibly as a result of the 
Hawkesbury River QX  
• recovery is still underway.  
 
This latter point is suggested by the graph of the annual production of oysters in NSW 
from 1931 to 2009 presented in Figure 61. 
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Figure 61.  Annual oyster sales in NSW expressed in bags since 1931 (1 bag ≈ 100 dozen oysters ≈ 60kg) 
 
12.6   Government Assistance Initiative  
In general farmers are highly resilient and adaptable to the pressures of economic 
change. If their income situation is negatively affected some farmers will choose to 
leave farming for alternative employment. But most will make physical adjustments to 
land use to compensate i.e. enterprise selection and farm management. These 
changes generally lead to gains in farm performance and it is not unusual to find 
productivity increases after a reform is implemented (Blandford and Hill, 2006). 
 
Historical analysis in Chapters 5–9 identified significant policy failure that led to major 
crises in the NSW oyster industry. The result has been a period of massive economic 
hardship as the NSW oyster industry and government struggled to deal with the issues. 
As a consequence a number of major risk-based policy reforms implemented in the 
NSW oyster industry in the last decade have been developed and documented in this 
work. They include: 
• the phasing out of a NSW  C. gigas  control program that was not risk-based 
and was in itself a significant risk to the viability of the NSW oyster industry 
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• the implementation of a risk-based Oyster Food Safety Program with the major 
emphasis on protecting public health directed towards the quality of the 
shellfish harvest area rather than the shellfish themselves  
• the implementation of the NSW Oyster Industry Sustainable Aquaculture 
Strategy that identifies those areas within NSW estuaries where oyster 
aquaculture is a suitable and priority outcome; secures resource access rights 
for present and future oyster farmers throughout NSW; and addresses risk of 
vulnerability because of the lack of protection and planning for oyster growing 
areas 
• the implementation of a comprehensive Compliance Strategy for the NSW 
oyster industry together with environmental, social and economic best practice 
for NSW oyster farming are integrated into the management and operation of 
the NSW oyster industry under OISAS 
• the phasing out of tar treated timber lease infrastructure and replacement with 
durable and recyclable plastic products 
• adoption of a risk-based translocation framework enabling fast growing and 
disease resistant triploid  C. gigas  to be imported to NSW and grown in NSW 
estuaries. 
 
It is instructive to consider the major ‘step-changes’ in the last 20 years for Shoalhaven 
Oyster Service which was discussed in Chapter 5. The timeline mirrors the 
consequence of events chronicled in this work: 
• introduction of compulsory purification systems in the late 1980s 
• dealing with  C. gigas  noxious fish provisions of the legislation in the early 
1990s 
• major clean-up of derelict stick cultivation from Winter Mortality and  C. gigas  
affected stocks 1990–2000s 
• moving out of stick culture in the early 2000s 
• recapitalising in single-seed culture using plastics technology – 2000s  
• developing upweller nurseries for triploid  C. gigas  in 2008. 
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For the first time in 20 years the company believes that they are in a position to 
expand and increase profits (B. Allen, personal communication, December 2010). 
The benefits of a one-off structured and targeted assistance program to merited NSW 
oyster farming enterprises was amply demonstrated in the response to the 
Hawkesbury River QX outbreak in 2004. Conversely, the risk of not considering such a 
program has been amply demonstrated in Port Stephens with the  C. gigas  outbreak 
and the Georges River with the QX outbreak. The benefits of a similar state-wide 
program would include: 
• migration of cultivation practices to more efficient and durable lease 
infrastructure material thus reducing environmental and social amenity risk 
• adoption of profitable single-seed cultivation practices thus reducing economic 
risk 
• farming hatchery bred disease resistant oysters thus reducing risk of oyster 
mortality in areas that are vulnerable 
• implementation of incentive based farmer programs that would facilitate clean-
up of significant derelict lease areas that are presently the liability of the NSW 
government and a risk to the community 
• enabling orderly phasing out of surplus lease areas in estuaries as a result of 
adoption of more productive and profitable enterprise selection and farm 
management methods thus reducing the risk of further default and 
abandonment of leases. 
 
As noted by the Productivity Commission (2001), transparency in the delivery and 
administration of any assistance measures is important to facilitate effective public 
scrutiny and increase the discipline on those delivering these measures to act in the 
public interest; to ensure that the measures are readily understood by potential 
participants; and to aid effective monitoring and assessment of the performance of 
these measures over time. 
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12.7   Conclusion  
Results of Chapter 12 demonstrate that risk-based policies designed to optimise 
outcomes for strategic management of the NSW oyster industry are effective. The 
auction / tender system provides a cost-neutral mechanism to return viable derelict 
oyster lease areas back to productivity; provide an ongoing market mechanism for 
determining ‘priority’ oyster lease areas in estuaries; and guide a phase-out of ‘non-
priority’ lease areas. This process has been adopted as a preferred policy option in 
lease allocation in OISAS (NSW DPI, 2006). 
 
Chapter 12 recommends the consideration of a one-off structured and targeted state-
wide assistance program to merited NSW oyster farming enterprises. This policy would 
address residual risk from inability of enterprises to adopt the ‘step-change’ required 
to make physical adjustments to lease use, i.e. enterprise selection, and farm 
management methods. The implementation of incentive based farmer programs to 
facilitate clean-up of significant derelict lease areas that are presently the liability of 
the NSW government and a significant risk to the community should be part of this 
assistance program.  
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CHAPTER 13 – CONCLUSION 
 
The studies in this work are based on the overarching hypothesis presented in 
Chapter 1 that the economic, social, cultural, human health and environmental 
sustainability objectives of the NSW oyster industry requires a historically- and 
scientifically-based risk assessment framework for selecting, managing and cultivating 
oyster farming areas. A review identifies that it was vulnerable because of the lack of 
protection and planning for oyster growing areas.  
 
To provide verification of the hypothesis, the aim of the thesis was to demonstrate 
that policies based on a risk assessment framework optimise outcomes for strategic 
management of the NSW oyster industry where risk is defined in terms of the effect of 
uncertainties on the industry’s economic, social, cultural, human health and 
environmental sustainability objectives. 
 
The thesis demonstrates that the principles and processes adopted in risk assessment 
should be implemented and integrated through the establishment and continuous 
improvement of a risk management framework such as under AS/NZS ISO 31000 
(Standards Australia, 2009). This framework ensures that information about risk 
derived from the risk management process is adequately reported and used as a basis 
for decision-making and accountability at all relevant levels integrated through 
continuous improvement in which monitoring is the detection component, which 
informs the prediction process. Like all models, the quality of the outputs is highly 
dependent on the inputs, and this comes back to the establishment and monitoring of 
risk indicators.  
 
The studies quantitatively demonstrate that policy development based on a risk 
assessment framework have been effective in optimising outcomes for the NSW oyster 
industry. New approaches to improving profitability and resilience and reducing risk to 
the NSW oyster industry objectives have resulted from this approach. Identification of 
research and governance issues and the establishment of a management framework 
that fosters strategic policy development based on sound science using risk 
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assessment, monitoring and priority setting are also important steps on the ladder of 
estuarine ecosystem conservation and recovery. The policy outcomes that have been 
implemented in NSW as a result of a risk-based strategic approach are demonstrably 
practical, tactical and goal oriented with the oyster industry recognised up-front in 
land use planning to address the consequences of potential impacts from ongoing 
rapid coastal urbanisation. A key element is the promulgation of the NSW Oyster 
Industry Sustainable Aquaculture Strategy. It is noted however, that while OISAS 
provides a framework for risk management, the establishment of monitoring and 
reporting parameters and risk indicators, discussed in previous chapters, has not yet 
been clearly articulated. 
 
13.1  Verification of Thesis Hypothesis 
The risk assessment studies conducted in this work and the consequent policies and 
industry outcomes demonstrate the validity of the overarching hypothesis that the 
economic, social, cultural, human health and environmental sustainability objectives of 
the NSW oyster industry requires a historically- and scientifically-based risk assessment 
framework for selecting, managing and cultivating oyster farming areas. The risks 
identified in the studies undertaken in this work, and the consequent policies and 
expected outcomes resulting from those studies, are summarised in Table 42. Each of 
the five objectives are nominally ranked in terms of risks identified in the studies and 
the consequent risk-based policies and industry outcomes summarised assessed in 
terms of their potential effectiveness in mitigation of these risks. 
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Table 42.  Identified Risks to NSW Oyster Industry Objectives and Consequent Risk-based Policies  (  )and Industry Outcomes  
INDUSTRY RISKS   OBJECTIVES   POLICIES INDUSTRY OUTCOMES  
H = High Risk  
M = Medium Risk  
L = Low Risk 
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Oyster Health   H M M L H         
Protection of Oyster leases; Disease resistant  S. glomerata and 
Triploid  C. gigas  
Water Quality   H H L M H        Development referrals, diffuse pollution strategy 
Estuary Health   H H H L H         Measure of catchment policies; industry as sentinel 
Lease Protection  H H H H H          Healthy and safe oysters; improved ecosystem protection 
Growth Rate  H M L L M          Genetically selected S. glomerata, Triploid  C. gigas , profits 
Sustainable Yield  H L L L H           Improved yields 
Area Allocation  H H L L M           
Improved yields, optimised sites and lease value, social 
acceptance 
Cultivation Material  H H L M H         Reduced maintenance and disposal costs, improved image  
Diversification  H M M M H           Options for market and business optimisation 
Crop Management  H L L L L           Reduced compliance costs for  C. gigas   
Food Safety  H H H H M          
Protection and restoration objectives,  improved profits and 
markets 
Food Safety Indicators  H L L H L          
Protection of harvest areas;  Improved certainty in harvest 
outcomes   
Site Selection  M L L H M          Identify priority areas; increased harvest periods 
Seagrass  L L L L M           Appropriate cultivation methods, positive effects on seagrass 
Recreational Boating  M H L H M          Protection and assessment, including pump-out facilities  
Lease Maintenance  H H H H H          
Improved and incentivised industry performance, reduced 
hazards 
Aesthetics  M H H M M          Good aquaculture practice, improved tourism acceptance 
Lease Approval                      Competitive and timely market based priority lease allocation 
Industry Step Change  H H L L H          
One-off merit based assistance scheme to adopt new 
technologies 
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13.2   Oyster Industry as Risk Indicator of Coastal Policy and Practice 
As noted in Chapter 2, risk indicators provide a link between risk objectives and risk 
consequences. The choice of a risk indicator can greatly influence the identification of 
risk problems and the consequent selection of policy prescriptions (Gregory, 2004). 
 
It has been suggested that there is an urgent need for environmental sciences to 
expand their current focus on prescribing ideal type sustainability indicators based on 
the different frameworks and concepts that can provide significant penetration in 
sustainability policy development and performance monitoring of policy outcomes 
(Herzi and Dovers, 2006). The historical- and scientifically-based risk assessment 
studies presented in this work demonstrate an evident integration imperative in 
pursuing sustainable environmental management in relation to estuaries and their 
catchments in NSW. It is clear that integration is required across research, policy and 
management. Integration also requires the creation of policy processes, institutional 
settings and organisational structures that enable integration of environmental, social 
and economic factors (Dovers, 2005). 
 
NSW oyster farmers have developed generations of professional understanding and 
acute observation of the subtleties and frailties of NSW estuaries, cultivating their 
shells on a daily basis in leases distributed across almost the entire tidal reaches of 
oyster farming estuaries. The risk assessment studies presented in this work, and the 
resultant policy framework promulgated in OISAS, provides an arguably robust 
integrative sustainability framework that recognises the NSW oyster industry as a risk 
indicator of coastal policy and practice. Such a policy instrument focus would provide 
strong sustainability with the assertion that NSW estuaries and their natural assets are 
so important for future and current generations to warrant protection above current 
or recent historical levels. 
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13.3   Future Management Recommendations 
Matters for consideration as management priority recommendations identified in this 
thesis include: 
• Establishment, monitoring and periodic reporting of key performance 
indicators for the NSW oyster industry objectives  
• periodic and structured performance monitoring, review and reporting of 
OISAS by industry and government stakeholders 
• implementation of a one-off structured and targeted state-wide assistance 
program to merited NSW oyster farming enterprises to adopt the ‘step-change’ 
required to make physical adjustments to lease use, i.e. enterprise selection 
and farm management methods following recent policy reforms  
• implementation of incentive based farmer programs to facilitate clean-up of 
significant derelict lease areas that are presently the liability of the NSW 
government and a risk to the community. 
 
13.4   Future Research  
Matters for consideration as future research priority recommendations identified in 
this thesis include: 
• examine the synergistic effects of DOC and widely used herbicides, at 
environmentally relevant concentrations, and parasites and pathogens of 
oysters on oyster health 
• conduct epidemiological assessment of the performance of indicator tests in 
shellfish quality assurance programs in NSW 
• examine the use of male specific coliphages as an alternative indicator to be 
used following sewage spill events potentially affecting oyster growing areas 
• conduct risk analysis of depuration as an ongoing management tool in oyster 
food safety in NSW using the latest scientific findings. 
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